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1.  INTRODUCTION 


The  roles  of  fidd  aitilleiy  <»  die  battlefield  include  {xoviding  a  deep-strike  capatulity,  allowing  for 
fire  in  tdl  weather  and  terrain,  and  having  the  alnlity  to  mass  fires  without  moving  the  we^xm  platforms. 
An  importtmt  requirement  for  field  artilleiy  is  that  it  must  be  at  least  as  mobile  as  the  unit  that  it  si^ports. 
Sudi  a  [xere^iisite  poses  a  dilemma  for  the  light  maneuver  fences,  which  need  a  veiy  med^e  artillery 
inece  and  tyjHcally  must  sacrifice  IxXh  range  and  lethality  in  the  interest  of  moiety.  Recognitum  of  this 
difficulty  resulted  in  a  study  being  initiated  to  determii^  what  size  howitzer  was  most  beneficial  and 
{Hacfical  to  the  U.S.  .^my  light  forces. 

At  i»es^  the  M198  lS5-imn  howitzer  is  the  caaterfHece  of  towed  U.S.  mtiUery  systons.  However, 
with  a  mass  of  15,^  lb  (7,167  kg)  it  is  not  a  viable  wetgion  for  the  light  forces,  hi  rec«it  years  there 
has  been  sifostantial  effmt  to  develop  a  mudi  lighter  ISS-mm  howitzer.  Two  British  ccmtractors.  Royal 
Chthumce  and  Vickers  Siupbuilding  tmd  Bugineeiing  Limited  (VSEL),  have  each  designed  and  tested 
ISS^rma  ctwion  {»Mot)q)es  with  weig^  of  tqqnoximtOely  9,000  lb  (4,082  kg).  Also,  the  Advtmced 
Towed  Cmmcm  Airilleiy  Syston  (ATCAS)  [Hogram  was  estaUi^ied  by  the  U.S.  Anny  and  Marine  Corps 
to  develqp  a  loint  Op^micMial  Requirements  Docum^t  (JORD)  for  a  li^itweight  ISS-mm  towed  howitzer. 
However,  even  a  towed  howitzer  on  the  order  of  9,000  Ib  is  still  too  heavy  to  be  of  interest  to  the  li^ 
fences  aitUlery. 


Iteis,  a  study  to  idmtify  what  wei^  rowed  howitzer  would  {novide  suffid^  mtmeuveral^ty  wlule 
maintaining  ISS^mn  fiiqrower  was  undertaken.  After  identifying  a  desired  system  wei^  ftn  a  light 
fences  howitzer,  att^pts  were  made  to  quantify  the  weight  savings  achievdde  due  to  imjnoved  recoil 
techniques,  substitution  of  lightweight  materials,  and  reduced  chamber  pressure  rer^rements.  The  details 
of  these  tradet^s  and  foe  projected  performance  of  a  very  lightweight  howitzer  are  repented  here. 

1.1  Logistical  Study.  In  order  to  make  sound  dedsimis  cm  foe  desiraUe  features  of  a  li^nweight 
lS5-mm  howitzer,  it  is  first  imperative  to  determine  what  "li^tweight"  means.  A  review  of  past  and 
inesoit  towed  howitzers  was  made  to  determine  foeir  mass  and  vehicle  towing  requirements. 

Table  1  jnoviefos  a  listing  of  various  towed  howitzers,  foeir  total  weight,  the  maximum  firing  range 
of  bofo  nonassisted  and  rodeet-assisted  (RA)  projectiles,  and  foe  rize  vehicle  tyincally  used  to  tran^rort 
the  wetqxm  system  on  foe  ground  (Foss  1993).  The  105-mm  Ml  19,  the  rejdacement  howitzer  ftn  foe 
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TaUe  1.  U.S.  Amy  Howitzers  -  Qiaracteristics  and  Perfomance 


Howitzer 

Caliber 

(nun) 

Weight 

(lb) 

Tow 

Vehicle 

(Track) 

Range 

Noruocket  Assist 
(m) 

Rocket  Assist 
(m) 

M102 

105 

3,300 

HMMWV 

11,500 

15,100 

Ml  19 

105 

4,100 

"heavy" 

HMMWV 

14,000 

20,100 

Ml  14 

155 

12,800 

5  ton 

14,600 

19,300 

M198 

155 

15,800 

5  ton 

22,000 

30,300 

M1Q2,  is  cuimdly  in  service  and  available  to  the  li^t  forces.  It  provides  a  very  light  system  but  lacks 
die  firqxiwer  and  lethality  of  the  lS5-mm  M198  system. 

The  M114  listed  was  the  i»edecessor  to  the  M198  as  the  Amy’s  ISS-mm  main  artillery  weapon.  It 
is  imeiesting  to  note  that  while  die  Ml  14  is  3,000  lb  lighter  than  the  M198,  it  provides  no  logistical 
benefit  because  it  still  requires  a  S-tm  truck  for  transport  on  the  batdefield. 

To  be  of  boiefit  to  die  li|^  f(»ce  community,  a  lightweight  howitzer  with  a  lS5-mm  bote,  towaUe 
by  a  2.5-t(»  trade  wmdd  be  i»eferred.  Various  transit  vehicles  curraidy  in  service  were  examined. 
Tade  2  gives  details  oi  fimr  such  vddcles  and  provides  vehide  weight  along  with  towing  c^iadty  over 
bodi  road  ^  cross-country  cemdidems  (Jane’s  Infomation  Group  Limited  1986).  Note  th^  the  2.5-ton 
track  is  not  a  transport  c^on  unless  die  howitzer  weighs  less  than  10,000  lb  (4,535  k^.  The  9,000-lb 
howitzers  detailed  previously  meet  this  requirement;  however,  they  would  be  restricted  to  primarily  road 
transit  Ideally,  a  155-mm  system  weighing  6,000  to  7,000  lb  would  be  desirable  to  allow  for  off-road 
tian^xHt 

The  ^idiunental  purpose  of  li^tweight  systems  is  to  provide  greater  mobility  and  hnimive 
dei^yability.  The  C-130  is  the  immary  fixed-wing  aircraft  used  by  the  Amy  for  tactical  air  transport 
oper^tHis.  It  has  tm  allowaUe  calm  load  of  25,000  lb  (11,340  kg)  (Headquarters,  Elepartmoit  of  the 
Amy  1993).  The  UH-60  Bladdiawk  utility  helicopter  is  the  Amy’s  rotary-wing  aircraft  most  ftequmdy 
em|doyed  to  ddiver  caigo  md  equiianent.  The  Blackhawk  is  capable  of  externally  carrying  8.000  lb 
(3,629  kg)  via  ding  lift  (Headquarters,  Department  of  the  Amy  1986). 
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TaWe  2.  Tow  Vehicles  for  U.S.  Army  Howitzers 


Vehicte 

Type 

Vehicle  Weight 

Ob) 

Maximum  Towed  Load 

Ob) 

^pty 

Loaded,  Road 

Road 

Cioss-Country 

M939 

5  ton 

22,000 

32,000 

— 

15,000 

M36A2 

2.5  ton 

15,200 

25,300 

10,000 

6,000 

HMMWV 

multipurpose 

5,300 

7,700 

3,400 

2,400 

"heavy" 

HMMWV 

multipurpose 

5,600 

8,000 

4,200 

-  ■ 

3  shows  c(Mnt^ti(ms  of  wetq)on  wei^its  and  their  prime  movers  transportable  by  a  C-130 
basedtmTaUes  1  ^  2.  It  also  indicates  if  the  howitzer  can  be  transpoited  by  a  UH-60.  Thedatashown 
in  the  talte  only  accomtt  for  die  weight  of  the  systems.  It  is  recognized  that  the  volumetric  cube  size  also 
[days  a  tide  in  determiidng  the  number  of  systms  transportable  by  an  aircraft  Previous  work  examining 
the  wei^  and  cube  of  155-mm  iK)witzers  and  their  prime  movers  concluded  it  was  imptobalde  to 
transput  both  systems  m  tlK  same  load  aboard  a  C-130  aircraft  (Fortier  1995). 


Talde  3.  Summary  of  Towed  Howitzer  Tran^rtability 


System 

System  Weight 
(lb) 

Tow  Vehicle 
(Weight) 

No.  of  Systems  Lifiatde 

C-130 

Bladdiawk 

M198 

15,800 

5-Ton  Track 
(22,200  lb) 

Truck:  0 
M198:  1 

M198:  0 

LWT 

ISSmm 

7,000 

2.5-Ton  Track 
(15,200  lb) 

Track:  1 

155  mm:  1 

155  mm:  1 

Ml  19 

4,100 

"heavy"  HMMWV 
(5,600  lb) 

Truck:  2 

Ml  19:  3 

M119:  1 

Talde  3  shows  the  benefits  of  a  lightweight  155-mm  towed  howitzer.  The  weight  of  the  lightweight 
system  was  chosen  as  7,000  lb  (3,175  kg)  to  allow  for  ofif-road  transportation  by  a  2.5-t(Hi  truck  in  all 
excqd  die  most  extreme  conditions.  At  diis  wei^t  plateau,  the  lightweight  155-mm  beamaes  e^val^ 
fnHn  a  logistics  standpmnt,  to  the  Ml  19  105-mm  howitzer,  in  that  it  may  be  lifted  by  the  Bladdiawk 
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helio^r.  Also,  the  7,000-lb  ligtttwei^  system  could  be  transported  with  its  [xime  mover,  a  2.5-t(Mi 
truck,  (m  a  C-130,  dius  {Hovidmg  fcM*  a  mote  efOdoit  traitspott  dian  the  M198.  These  facts  nudce  sudi 
a  systm  boieficial  to  the  light  forces.  Thus,  7,000  lb  was  established  as  die  goal  weight  fm*  a  liglttweight 
ISS-mm  d>wed  howitzer.  The  tradeoffs  required  to  readi  this  goal  weight  are  detailed  in  d^  following 
sectkms. 

1.2  Lightweiriit  Material  Substitution.  Several  previous  investigati«is  adempting  to  reduce  the 
weight  of  spedSc  parts  in  towed  howitzer  systems  have  beoi  cmiducted.  The  U.S.  Army  Mtderials 
Teduxdogy  Ld)orat(»y  studied  the  effects  of  rqdimizing  the  weigtd  of  the  M198  ttmls  (U.S. 

Army  Mateiiids  Tedindogy  Labm:^(»y  1982).  In  die  MTL  study,  the  trails  were  dedgned  as  tidied  box 
be^os,  wi&  a  loi^  of  110  m  (2.8  m),  and  wmc  aide  to  withstand  the  shear  and  bending  loads  imposed 
by  a  codtoff  loading  cmdidon.  The  mialytic  investigaticHi  resulted  in  die  lightest  trail  weigld  dedgn  using 
^eel,  alumimwn,  mi  sevoul  di^imd  ccunposite  materials.  The  resulting  design  weights  me  smnmarized 
in  Ttdde  4. 


Ta^  4.  Trail  Wei^  for  a  155-mm  liglttweight  Towed  Howitzer 


Matmial  System 

Trail  Weight  I 

(HVkg)  1 

Hi^  Strength  Steel 

518/235 

High  Strmigth  Aluttinum 

362/164 

dass^ber-Reinforced  Epoxy 

185/84 

Grqdute-Hber-Reinforced  Epoxy 

114/52 

Cmnlnnation  of 

Gr^diite-Hber-Rdnfoiced  Epoxy  and  Kevlar-Fiber- 
Reinforced  ^x)xy 

106/48 

1 

The  weights  predicted  in  diis  study  are  much  lower  than  the  {uesent  weight,  927  U>  (420  kg),  of  the 
M198  trails.  It  ^Knild  be  iKited  that  these  trails  were  only  designed  for  die  loads  assodated  with  firing 
m  peak  pressure.  Issues  sudi  as  loads  due  to  towing  and  durability  were  not  addressed.  Therefore,  die 


*  The  Materials  Technology  Lrixyndoiy  (MTL)  has  since  been  reorganized  as  the  Materials  IMrecu»ale  die  U.S.  Army 
Reseaidi  Laboratoiy. 
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trail  weigltts  fw  a  fiel^  systm  may  be  higher  Hum  those  shown  in  TaUe  4.  ifowever,  it  is  significant 
to  n(^  the  ligjitest  composite  design  ^ws  an  80%  weight  savings  over  the  steel  system  and  a  70% 
wei^  savings  over  tn  almniniim  syston. 

In  the  mid-1980s,  MTL  also  investigated  the  tise  of  composite  materia  to  reduce  die  weight  of  the 
M102,  lOS-mm  towed  howitzer  (Cavallaro  1994;  GMtMse  1995;  Oplinger  1995).  This  {xogim  used 
material  substitutitm  to  reduce  the  weigln  of  several  key  cranponauts  in  the  gun;  however,  the  final  system 
was  n(A  biult  bectaise  the  effects  of  comptmem  weight  reductions  on  recoil  and  wetqxm  stalMlity  were  not 
(xmadoped  in  the  de»gn. 

Chie  apj!nmplisl«nent  firm  this  {ODgram  was  a  lightweight  (XHnposite  cradle  fit  die  M102 

(Qtvtdiaro  et  al.  1992).  The  cradle  was  manufactured  with  grapinte-fiber-reinfitced  ^xy  and  Rtdiacell 
fixma  c(»e.  tmd  fadgue  tests  were  performed  tm  die  ctatfle  to  simulaie  the  loads  g»»rated  thirk^ 
a  pm  firing  (ttnvmg  tmd  tranqx>rt^(m  loads  were  not  amsidered).  The  ccunposite  cradle  had  the  smie 
static  strmigth  mid  much  b^r  fatigue  performance  than  die  fielded  M1Q2  cradle. 

In  a  sqiarate  ^ject,  die  U.S.  Army  Arman^nt  Researcdi,  Devek^ent,  and  ^gineerii^  Center 
(ARIXC)  performed  a  paper  study  on  how  to  reduce  the  weight  of  ^dfic  ccmpcmert  parts  tm  the  M198 
howitz^  by  repladng  steel  with  either  titanium,  boron-fiber-rdnforced  aluminum,  or  gr^[tute-fiber- 
rdnfinced  epoxy.  A  Pro  Engineer  omputer-aided  design  model  (Hre  Suppcnt  Armaments  Crniler  1995) 
of  die  M198  was  constmcted,  and  eadi  ccnnponent  was  subsequendy  evaluated  for  possible  wdght 
reduction.  The  reduced  weights  for  the  parts  are  listed  in  Table  5.  This  effort  shows  die  system 
comptmmit  weight  can  be  reduced  20%,  for  a  weight  savings  of  3,288  Ib  (1,491  kg).  However,  dtis  study 
was  limited  in  sc(^  in  that  it  only  examined  modifications  to  die  existing  M198  we^xm  plmform  and 
did  not  ccmsider  dianges  to  the  recoil  components,  which  account  for  45%  of  die  systmn’s  total  weight 
Also,  the  effects  of  changing  die  howitzer’s  cmter  of  gravity  as  a  result  of  material  substitutkm  were 
neglected.  Any  change  in  these  areas  would  require  alteration  of  the  entire  gun  structure. 

1.3  The  9.000-lb  Class  Howitzers.  While  the  goal  of  this  study  was  to  strive  for  a  7,000-lb  howitzm-, 
it  is  mportant  to  examine  what  is  cunmidy  being  done  by  several  groups  hoping  to  attain  a  9,000-Ib 
syston.  In  doing  so,  it  was  hoped  that  hurdles  to  weight  reduction  beyond  die  9,(XX)-ib  fdateau  could  be 
ido^fied. 
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Tatde  S.  Weight  Reduction  of  M198  Howitzer  Components 


No.  of 


Eqpjilibnitim:  (2) 


Speed  JSuft 


Actuator 


Trav^sii^ 


Fiicdtm 

Qutdi 


Wheel/Axle 

Ass^Uy 


Bevating 
Soews  <2) 


Spade  (2) 


Cradle^alli^c 

Shield 


T<^  Carriage 
Wdcbnent 


T(^  Carriage 
Parts 


Carriage 

Wddment 


Tr^ 

Wddments  (2) 


Other  Misc. 
Parts 


Total 


Cuii^  Weight 
Ob) 


128  each 
(steel) 


104  (steel) 


47  (steel) 


67  (A1  and  steel) 


47  (A1  and  steel) 


147  (steel) 


178  (steel) 


933 

(steel  and  Al) 


850  (M  and  steel) 


61  (steel) 


1,477 

(^1) 


477 

(steel) 


Modified 

Wei^ 

Ob) 

Total  Weight 
Savings 

Ob) 

102  each 
(Ti) 

52 

68  (Ti) 

36 

31  (Ti) 

16 

48  (Al  and  Ti) 

19 

34  (Al  and  Ti) 

13 

763 

(Boron/Al) 

520 

103  each  (Ti) 

88 

55  eadi 
(Boron/Al) 

248 

706 

(Boron/Al  and 
Al) 

227 

560  (Al  and 
Caitx)n/Ep) 

290 

34  (steel) 

27 

538 

(Boron/Al) 

939 

627  each 
(Carbon/Ep) 

600 

264  (Ti  and 
Boron/Al) 

213 

Factors  Affecting 
Future  Reductkms 


8,108 


4,820 


Height  of  the  Gun 


Weig^it  of  the  Gun 


Wei^  (rf  die  Gun 


Recoil  F(Hce 


Rea^FtMce 


Rea^  F(»ce 


Recdl  FcMce 


Recoil  Force 


Recoil  Fmce 


Some  Dqiendent 
on  Recoil  Force 


Two  diffeieitt  9»00(Hb  aitiXtety  ^eces  are  cuirraitly  being  worked  by  two  United  Kii^dm  {xivate 
c(»nactois,  Royat  CkdiraKe  and  VSEL.  The  desire  for  a  9,000-lb  syston  st^s  originally  bxMa  a  Mtoine 
requiranoit  for  a  ISS-mm  howitzer  ct^raUe  of  rqdacing  all  curroit  lOS-mm  and  lS5-mm  towed  artillery 
systems  m  service  (Foss  1993).  Bodi  amtractois  are  working  toward  this  li^itwei^  goal  and  are 
at^pting  to  adrieve  it  while  maintaining  perfcHinance  equivaloit  to  die  M198. 

The  Royd  Odnmice  approadi  to  adueving  die  9,000-lb  goal  is  two-f(dd.  First,  they  have  dedgned 
a  oirvilinear  reodl  tedBuque  lidiidi  has  die  carmcHi  traverse  curved  rails  during  leoMl,  thus  takii^ 
advamage  of  gravity  mid  ftictkm  fo  asdst  with  disdpadon  of  die  recoiling  oieigy.  AbstHidiig  mme  of  the 
lecmlfog  mieigy  allows  fw  a  reduced  recoiling  mass,  whidi  is  accmnplidied  by  decreasing  die  gun  bmrd’s 
wall  dikkness  to  mme  dosdy  match  its  dedgn  to  the  {xessure  jKofile.  The  seamd  tactic  used  to  reduce 
the  overall  systraa  mass  is  die  sdisdtmlon  of  ddmum  for  steel  in  d»  systmn  ccmqxments  (Foss  1993). 
T^amum  has  a  mass  565%  diat  (Kf  sted  so  its  use  as  a  material  replacmnoB  for  varkms  howitzer 
coB^imiads  {Bovides  a  sufastmdid  wd^  savit^s. 


uses  a  te^iced  tiurmkHi  hei^  as  the  {Bindpal  means  of  reduckig  the  mass  of  its  howhzer 
design.  Lowerir^  the  trunnkHi  height  greatly  reduces  die  ovemmiing  rnmn^t  of  die  howitzer  during 
recoil  of  the  bmrd.  This  coupled  with  VSEL’s  movmnent  of  the  iBeech  and  cmmcm  for  fiBward 
(^i^ximately  4  ft)  allows  die  recoiling  mass  to  be  reduced  to  4,163  lb  (by  compmistm,  die  M198  has 
a  recdling  mass  of  7,000  lb)  and  the  rear  trails  to  be  diottaied  (Floroff  et  al.  1992). 

2.  UGHTWEIGHT  HOWITZER  STUDY 

The  M198  ISS-mm  towed  howitzer  was  taken  as  die  baseline  systm  for  diis  study.  The  study 
IBOcedire  was  to  imidanait  dhanges  to  the  M198  in  an  attoniB  to  reach  the  7,000-lb  goal  weight 
established  as  a  residt  of  the  logistics  study.  Incorporating  the  findings  of  die  jBevious  ^££C  and  MIL 
dudies  mi  the  substitutimi  of  lightweight  materials  for  M198  componmits  was  a  logical  first  step.  As 
r^XBted  in  a  Receding  sectimi,  a  25%  decrease  in  mass  from  the  baseline  M198  system  was  demed 
possiUe  through  the  use  of  composite  materials  and  lightweight  metals,  lesultirig  in  a  12,000-lb  (5,443  kg) 
"M198-equivalent"  howitzer. 

Other  weight  saving  changes  were  investigated  and  arkipted  where  pradent  in  an  attenqit  to  meet  d^ 
7,000-lb  goal  weight  Bartel  weight  calculatimis  based  mi  estimated  fatigue  life  were  made  to  eliminate 
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paraatic  mass  fnmi  die  caimon  tube  design.  The  effect  of  reducing  the  maximum  cannm  teeedi  (grating 
jnessuie  was  also  examined  as  a  means  of  fadlitating  die  reduction  of  barrel  weight  A  number  of 
teclumpies  to  imi»Dve  die  recoil  c^iadty  die  howitzer  were  ccmsidered,  and  soft  recoil  was  chosen  for 
tqq^cadcm  tm  the  new  li^itweight  howitzer.  Geometry  changes  affecting  the  howitzer  trails,  recoil 
cylinder  Imgth,  ^  tnmnion  height  were  other  aspects  explored  in  the  study  in  an  attempt  to  reduce 
wei^it  HnaQy,  tradet^s  of  barrel  length  vs.  range  were  made  to  allow  for  even  further  reductitm  of  the 
system  weight  The  subsequent  sectkms  detail  the  specifics  of  what  was  considered  for  eadi  weight 
savings  measure  and  quamify  the  projected  mass  reducdoa 

2.1  Barrel  Weight  Reducdoa  The  M198  towed  howitzer  uses  the  M199  gun  barrel.  The  barrel 
weig^K  3,850  H)  (1,742  kg)  (Restift)  1995)  and  is  designed  for  11,000  fatigue  cycles  (Paladin  -  Office  of 
the  Product  Mtmager  1990)  and  2,500  cycles  in  wear  (U.S.  Aimy  Ballistic  Research  Laboratory  1991). 
(hie  reason  the  bmrd  has  a  fatigue  life  more  dian  four  times  its  wear  life  is  diat  die  recoil  system  of  the 
M198  requires  a  large  mass  f<x  the  recmtii^  parts  as  a  means  of  absortdng  the  recoil  oieigy  and  smne 
of  ^  mass  is  provided  by  utflizing  an  ovedy  thick-walled  gun  barrel.  Thus,  substantial  reductitms  in 
overall  syst^  wei^  are  adiievalde  by  designing  a  155-mm  barrel  widi  a  reduced  fatigue  life. 

The  a{^»oach  taken  here  is  to  determine  the  optimum  barrel  design  for  a  specific  fatigue  life.  Since 
the  jHessire  due  to  firing  a  {Hojectile  decreases  along  the  length  of  the  gun  barrel,  d^  gun  barrel  should 
have  a  tapered  form  to  matdi  die  i»essure  profile.  Pressure  profiles  were  generated  for  several  charges 
interest  fmr  155-nmi  howitzmis  usii^  the  IBHVG2  computer  code  (Anderson  and  Fickle  1987).  Fimn 
these  curves,  it  was  determined  that  the  M203A1,  a  zone  8s  charge,  produced  die  maximum  {»essure  of 
all  the  (diarges  widi  a  v^ue  of  63.3  ksi  (437  MPa).  The  resulting  pressure  from  the  M203A1  was  greater 
than  the  juessuie  of  die  five-incremem  Modular  Artillery  Charge  System  (MACS)  along  the  entire  lengdi 
of  fee  barrel.  A  cmnpariscm  of  fee  two  pressure  profiles  is  shown  in  Hgure  1. 

To  investig^  the  effects  of  a  lower  pressure  on  fee  wei^  of  a  barrel,  a  second  family  of  charges 
was  amsidered.  Hgure  2  feows  the  pressure  profiles  generated  by  the  Ml  19A2,  a  zone  7  diarge,  and  a 
four-incremait  MAC^.  Note  diat  the  pressure  due  to  fee  Ml  19A2  charge  is  initially  greater  than  the  four- 
inamnent  MACS  at  die  chamber  during  shot  start  but  subsequendy  drops  below  it  near  muzzle  exit  A 
ctMi^iilatitm  curve,  shown  in  Hgure  2,  was  generated  to  design  a  barrel  c^ble  of  firing  both  charges. 
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Pressure  (MPa) 


Jlr 


H 


Barrel  Length  (m) 

Figure  1.  Pressure  vs.  barrel  length  for  the  M203A1  and  the  five-increment  MAC  with  a  95-lb  projectile. 


-e  -  M119  Zone  8  Proof  Charge 

S--UNI4  Charge 

-• — Compilation  Pressure 


250  I  <  ' . ^  I  I  '  '  ^ 

200  . ^ . At . 

:  'H.  \ 

150  7 . 1 . 

100  7 . 1 . 

50  7 . )■ . 

Q  Lj — 1 — 1 — 1 — i — ^ — I — ^ — L_ 

0  1 

Barrel  Length  (m) 

Figure  2.  Pressure  vs.  barrel  length  for  the  Ml  19A2  and  the  four-increment  MAC  with  a  95-lb  projectile. 
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The  stiess  state  <»i  tiie  inner  surface  of  a  gun  barrel  with  a  small  made  will  depoid  mi  ttie 
IHessuie  {Mofile,  crad^  size,  the  ratio  of  the  outer  barrel  radius  to  the  inner  radius,  and  the  residual  ^ress 
(hie  to  autofiettage  of  the  banel.  The  tmisile  hoop  stress,  Sp,  at  die  iimer  radius  of  a  {sessurized  cylinder 
in  die  regitm  of  a  stress  (xmcmitratum  can  be  expressed  as 


Sp  =  -P 


(2kt  -  1)  +  1 


-  1 


(1) 


«diere  P  is  the  t^[qdied  radid  pressure,  is  die  local  aress  c(»cmitrati(m  fador,  and  W  is  the  ratio  of  the 
Older  toiler  radius  (tf  the  gmi  barrel  (Underwood  and  Parker  1994).  It  should  be  noted  diti  if  the  local 
stress  ooncentrtdkm  is  equal  to  1.0,  equatirm  1  reduces  to  die  Lame’  stress  for  the  inner  radius  of  a  diidc 
cylhider  sid^ect  to  kddml  i»essure.  The  maximum  residual  stress  due  to  autcritettage,  (tf  die  gun 
band  is  erq^essed  as 


Sr  *  Sykj 


1  -  In  W 


2W- 


-  1 


(if  Sr  S  Sy), 


(2a) 


mid 


Sr  =  Sy  (if  Sr  >  Sy), 


(2b) 


where  Sy  is  the  material  yidd  stimigdi,  which  represents  die  maximum  possible  residuti  stress  due  to 
autofiettage. 

The  effective  stress  at  a  (sack  in  the  inner  radius  of  an  internally  {Messurized,  autofidtaged  cylinder 
can  be  expressed  as 

Seff  »  Sp  +  Sr  -  P,  (3) 

where  S^  is  die  effective  stress  at  the  crack. 

Once  dre  stress  state  at  the  inner  radius  is  known,  die  fatigue  crack  growdi  rate  can  be  calculated 
based  (Hi  the  Paris  law  (Pmis,  G(Hnez,  and  Anderson  1961;  Paris  1964),  which  states  the  rate  of  fatigue 
crack  growth  is  [m^itional  to  die  range  of  stress  intmisity  factens  at  the  crack  tq>.  ^qxessed 
ipmttitadvely  in  equation  4  (Ewalds  and  Wanhill  1989), 
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(4) 


da 


A  (AK)“, 


where  da/dN  is  the  crack  growth  rate,  AK  is  the  stress  inteisity  factor  range  (AK  =  -  K^,  and  A 

and  m  are  nuoeiial  consuatts  determined  experimentally.  The  stress  intensity  factor,  K,  is  iHoporticmal 
to  the  global  ^less  ^){died  to  the  cracked  area  and  the  square  root  of  the  crack  length  and  cmi  be 
e^Messed  mathematically  as 

K  =  Yov^,  (5) 


in  whidi  Y  is  a  putmteter  ^  accomtts  for  the  gemn^  of  the  crack,  o  is  the  stress  ^^ed  to  the 
ciadced  area,  imd  a  is  ^  CTddt.  lei^  (Heitzberg  1989). 


As  a  ctadc  grows  tinough  the  dndmess  of  the  gun  tid)e,  the  cradc  length  will  increase  scHne  amtumt, 
da,  with  every  k>adh^  Qrde,  and  the  stress  iramisity  factOT  will  increase  {M’c^rtimially.  When  the  stress 
factor  reaches  a  oitictd  vidue,  the  {dane  strain  fracture  tougfmess,  the  mtderial  will  fml 
c«a«rc^*icjdly  (Ewjdds  and  WarduU  1989).  The  length  of  the  cradc  at.  is  die  oitical  cradc  length, 
a^,  and  is  expressed  as 


^2 


^IC 


Y  *  o, 


max 


(6) 


where  o„.„  is  the  maximum  jqqdied  stress. 

The  fatigue  life  ftH*  the  mtderial  can  then  be  calcul^ed  by  integrating  equatkm  4  with  te^)ed:  to  die 
flaw  size,  a,  imd  the  number  of  cycles,  N.  The  limits  of  integratkm  mi  the  flaw  size  me  the  sraiting  flaw 
size,  a,,,  mid  the  final  flaw  size,  a,..  The  limits  of  imegration  on  the  number  of  cycles  are  the  initial 
number  of  fmigue  C3rcles,  Nj,  and  the  fiiud  number  of  fmigue  cycles,  Nj.  If  the  inidal  number  of  cycles 
is  zero,  dien  die  nimiber  of  cycles  to  failure  can  be  expressed  as  follows  Qlertzberg  1989): 


Nf  = 


_ 2 _ 

(m  -  2)  ♦  A  *  Y  "*o® 


1 

1 

lm-2\ 

/m-2\ 

rr") 

^0 

— 1 

(7) 
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Equation  7  can  be  used  to  jnedict  ifae  number  of  cycles  to  failure  for  a  compcment  if  the  ^^ed  stresses, 
the  starting  flaw  size,  a^,  the  gecKnetiic  ^pe  parameter  for  the  flaw,  Y,  and  the  various  material 
parameters.  A,  m,  and  are  knowiL 


Equation  7  can  be  solved  for  the  stress-state,  a,  to  produce  a  given  fatigue,  Nf,  and  may  be  rewritten 
as 


2 

1  _  1 

\ 

(m-2)*A*Y“Nf 

/m-2\ 

^  2  j  j 

< 

> 

(8) 


For  a  gun  bmrd  widr  a  crack  m  the  inner  surface,  die  stress  state,  a,  can  be  set  equal  to  Self  fimn 
equidimi  3.  Hhis,  a  relt^misMp  is  esttddi^red  betweoi  the  ratio  of  the  outer  radius  to  the  iimer  radius, 
W,  mid  the  fmigue  life,  A  cmnputer  {NOgram  was  written  to  solve  for  the  minimima  ratk)  of  the  outer 
to  mner  radius  to  ^oduce  a  given  fatigue  life  alcmg  the  {xessure  curves  shown  in  Hgures  1  and  2.  The 
fmigue  life  cmstmtts  used  m  the  mialysis  were  takmi  fimn  odier  Judies  cm  gim  tube  steels  (Underwood 
mid  Parkmr  1994;  Pt^r  md  Underwood  1994)  and  are  listed  m  T^ide  6.  The  initial  flaw  size  for  the 
analyas  was  taken  as  O.OSl  in  (1.3  mm),  which  is  a  Qpcal  size  flaw  due  to  heat  cheddr^  in  gun  barrels 
(Underwood  m^id  Pmker  1994). 


T^de  6.  Material  Properties  of  Steel 


Pn^rty 

Value 

Bastic  hfodulus 

30  X  10^  psi  (206.9  GPa) 

Ykld  Strmigth 

171  ksi  (1180  MPa) 

Y  (oadc  gemnetry  parameter) 

1.12^ 

A  (cradc  prr^iagatkm  rme  coefficient) 

6.52  X  10ri2 

m  (crmdc  {Mx^iagmitm  rate  exptuient) 

3.0 

([daiie  strain  fracture  toughness) 

(ISOMPa^m”) 

k^  (local  stress  conc^rmion  factor) 

1.26 

a^  (gecunetiic  sh^  parameter) 

0.051  in  (0.13  cm) 
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The  weig^  gun  barrels  having  fatigue  lives  ranging  from  100  to  100,000  cydes  were  caicuk^ 
for  the  M203A1  diaige  and  die  M119A2,  which  is  equival^  to  the  four-increment  MACS.  Hie  results 
are  diown  gr^diically  in  Figure  3,  which  also  dqncts  the  weight  and  fatigue  life  for  existing  barrels. 
Notice  that  althcH^  the  M284,  VSEL,  Royal  Ordnance,  and  M199  barrels  were  all  (tesigned  for  the 
M203A1  diaige,  their  wei^tts  are  greater  than  those  predicted  by  the  M203A1  curve.  Tlus  is  likely  due 
to  a  factor  of  safety  margin  bdng  incorporated  into  the  barrel  design.  Since  the  predictions  in  this  r^rt 
are  based  cm  die(»etical  equaticms,  which  are  based  on  a  50%  failure  criteria,  correctkms  are  needed  to 
ixedict  a  relhdde  desigiL  To  {Mxivide  a  margin  of  safety,  the  results  were  ncmnalized  to  the  weigln  of  die 
VSEL  barrel  design.  Hgure  4  diows  a  {dot  of  these  normalized  results.  Notice  diat  the  M199  barrel 
weigid  £dls  on  die  revised  curve,  mdicating  dus  modification  to  the  calculated  data  inovides  a  reascnudde 
safi^  factor. 

Furth^  rethicdtms  in  barrd  wdgfd  could  be  achieved  by  using  a  composite  overwrapped  biurd.  Ihe 
U.S.  Army  Resetuch  Laboratory  (ARL)  has  used  such  barrels  in  the  past  to  perform  single-diot 
experimental  firk^  wi&  no  adverse  a£f<^  to  the  composite  jadcet  (Burtcm,  Kaste,  and  Stcdde  1989). 
Mme  rec^  researdi  at  ARL  has  focused  cm  the  dynamic  response  of  these  barrels  (Tz^g  mid  Hq[ddns 
1995).  However,  the  techmcal  qpiesdcms  relating  to  the  heat  transfer  frcnn  the  steel  gim  tube  to  its 
compodte  overwr^  for  repetitive  fire  is  still  imder  investigatioiL  Therefore,  since  a  ligfdweight  howitzer 
would  retyiire  a  rdatively  rs^  fire  rate,  tins  study  was  limtted  to  an  all  steel  gun  barrel  dedgn. 

2.2  SoftRecoiL  A^ptitm  of  an  improved  reccdl  system  was  anrdher  area  investigated  in  tm  tdtonpt 
to  reduce  die  ty^on  weight  of  the  towed  howitzer.  The  term  soft  recoil  is  used  as  a  designatkm  fm*  the 
[Mocess  of  imparting  forward  mmnentum  to  the  recoil  mass,  prior  to  firing  the  gun,  to  sidisequ^dly  reduce 
the  remward  recml  impulse,  which  must  be  dissipated  by  the  recoil  systmn. 

Ihe  rearward  impulse  is  a  reaction  to  die  forward  acceleratimi  of  the  projectile,  ^peUmtt,  and 
jm^Uant  cranbustion  gases,  and  must  be  dissipated  and  controlled  to  maintain  we^xm  mattility  mid 
^ructural  integrity  of  the  wetqxm  system.  A  standard  techniqim  for  dissqiating  the  rearward  numiamim 
of  a  howitzer  uses  hydropiKumatic  recoil  and  recuperator  systons,  vdiich  allow  some  part  of  the  wet^rni 
systm  to  move  rearward  against  a  resistive  force,  thus  i»oducing  relatively  Itnig  duratkm  but  a  lower 
reactionary  force  load.  This  permits  the  weapon  to  rmnain  at  its  firing  positicxi  without  tip[Hng  over.  The 
reciqietator  acts  as  a  tenqporary  storage  device,  using  some  of  the  energy  dismpated  in  the  recoil  (^ration 
to  return  die  reanling  parts  forward  and  positioning  them  prcqierly  for  the  initiatirm  of  the  next  ^lot 
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Weight  (lbs)  _  Weight  (lbs) 


•  M119A2  or  4-increment  MAC 
B  M203A1  or  5-Increment  MAC 
o  M284  Barrel 
A  Vickers  (modified  M284) 

A  Royal  Ordnance  (modified  M284) 
▼  M199  Barrel 


Number  of  Cycles 


Figure  3.  Calculated  barrel  weights  for  a  fixed  fatigue  life. 


o  M284  Barrel 
■  Vickers  (modified  M284) 

A  Royal  Ordnance  (modified  M284) 

— V — M119A2  or  4-Increment  MAC  (Normalized  to  VSEL) 
•••-’M203A1  or  5-Increment  MAC  (Normalized  to  VSEL) 
B  Ml  99  Barrel 


Figure  4.  Calculated  barrel  data  normalized  to  VSEL  barrel  life. 
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While  a  hydropneumatic  recoil  system  acts  to  control  the  rearward  momentum  imparted  to  the 
recoiling  parts,  it  does  not  reduce  the  magnitude  of  the  rearward  impulse.  One  common  method  used  to 
reduce  the  rearward  impulse  imparted  to  the  recoiling  parts  is  the  addition  of  a  muzzle  brake  to  the 
cannon.  The  muzzle  brake  uses  the  energy  of  the  expelling  combustion  gases  to  impart  a  forward-acting 
impulse  on  the  gun  tube,  which  reduces  the  net  rearward  impulse  that  must  be  dissipated  by  the  recoil 
system.  Practical  muzzle  brakes  can  use  0.7  to  1.0  times  the  momentum  of  the  combustion  gases  to 
provide  a  forward-acting  impulse  on  the  recoiling  parts.  Theoretically,  even  more  efficient  muzzle  brakes 
could  be  utilized.  However,  the  forward  impulse  produced  by  a  muzzle  brake  comes  at  the  penalty  of 
blast  overpressure  at  the  muzzle. 

Soft  recoil,  by  imparting  forward-acting  momentum  to  the  recoiling  parts,  also  reduces  the  net 
rearward  impulse,  which  must  be  dissipated  by  the  recoil  system.  The  magnitude  of  the  forward  acting 
impulse  that  can  be  applied  has  two  major  constraints.  First,  the  forward  impulse  applied  carmot  be  more 
than  the  rearward  impulse  resulting  from  the  round  being  fired.  This  must  be  done  in  order  to  properly 
cycle  the  weapon.  More  importantly,  die  second  constraint  limits  the  amount  of  energy  available  for 
imparting  the  forward  impulse,  for  as  the  magnitude  of  this  stored  energy  increases,  the  required  strength 
and  size  of  die  system  components  increase,  which  is  counterproductive  to  the  concept  of  a  reduced-weight 
weapon  system. 

Typical  impulses  for  various  155-mm  howitzer  charges  firing  a  95.0-lb  (43.1  kg)  projectile  are  given 
in  Table  7.  These  values  come  fi'om  previous  work  done  in  examining  range-vs.-weight  tradeoffs  of  a 
155-mm  towed  howitzer  (Fire  Support  Armaments  Center  1991).  The  impulses  are  broken  down  into 
various  components.  ^  is  the  impulse  due  to  the  acceleration  of  the  projectile  and  propellant  in-bore.  Ig 
is  the  impulse  due  to  expelling  combustion  gases  after  the  projectile  exits  the  muzzle.  Ip,  the  total 
impulse,  equals  the  sum  of  Ij  and  Ig,  while  I,  the  net  rearward  impulse,  equals  Ij  -0.7(Ig),  where  0.7  is 
the  muzzle  brake  efficiency. 

From  Table  7,  one  can  see  there  is  a  wide  range  of  values  for  the  total  impulse,  I,  depending  on  the 
charge  and  zone  fired.  In  order  to  facilitate  the  use  of  soft  recoil  over  this  range  in  a  practical  application, 
it  is  necessaiy  to  include  some  compromises.  If,  for  example,  the  recoil  system  is  designed  to  allow  low- 
impulse  rounds  such  as  the  M4A2,  zone  3  to  be  fired  without  using  the  soft  recoil  technique,  the  forwaid 
momentum  imparted  via  a  soft  recoil  system  could  be  increased  to  accommodate  charges  such  as  the 
M203A1  and  Ml  19A2,  which  produce  higher  recoil  impulses.  This  compromise  alleviates  the  first  system 


15 


Table  7.  155-mm  Charge  Impulse  Values 


Charge  Type 

li 

(kN-s) 

[Ib-s] 

(kll-s) 

[Ib-s] 

It 

(kN-s) 

[Ib-s] 

I 

(kN-s) 

fib-s] 

M203A1 

40.76 

[9,174] 

HIM 

54.89 

[12,354] 

45.00 

[10,128] 

M119A2 

32.81 

[7,384] 

9.99 

[2,249] 

42.80 

[9,633] 

35.81 

[8,059] 

M4A2 

25.77 

6.10 

— 

(zone  7) 

[5,800] 

[1,373] 

M4A2 

|HQ]||H 

(zone  3) 

IDBH 

constraint  discussed  previously  by  maximizing  die  forward  impulse  of  the  soft  recoil  stroke  for  high- 
impulse  filings  while  ensuring  sufficient  ^ergy  is  available  to  return  the  barrel  to  the  battery  position  at 
lower  impulse  firings. 

However,  because  of  the  second  constraint,  it  is  also  necessary  to  limit  die  forward  impulse  fixim  the 
soft  recoil  to  reduce  the  amount  of  stored  energy  required  to  impart  the  momentum  to  die  recoiling  parts. 
For  a  hydropneumatic  system,  this  keeps  the  weight  down,  as  well  as  reduces  potential  safety  and 
operating  problems  associated  with  a  weapon  having  highly  loaded  activation  devices  such  as  springs  or 
pressure  cylind^. 

For  a  155-mm  howitzer,  a  forward  impulse  of  10.2  kN-s  (2,300  Ib-s),  or  about  23%  of  the  high 
impulse  M203A1  charge,  seems  appropriate.  This  reduction  in  impulse  combined  with  the  forward 
impulse  contribution  from  the  muzzle  brake  yields  net  impulses  for  dissipation  by  the  recoil  system. 
These  resultant  impulses  are  7,828  lb*s  (34.8  kN-s)  and  5,759  lb*s  (25.6  kN*s)  for  the  M203A1  and 
M119A2  charges,  respectively. 

2.3  Geometry  Changes.  The  recoiling  mass  of  die  M198  howitzer  is  7,0(X)  lb  (3,175  kg),  divided 
between  die  M45  recoil  system  (2,150  lb  [975  kg])  and  the  M199  cannon  assembly  (4,850  lb  [2,200  kg]) 
(Medium  ArtiUay  Systems  Office  1989).  The  M199  barrel  weighs  3,840  lb  (1,742  kg),  with  a  muzzle 
brake  weight  of  250  lb  (113  kg),  and  a  breech  weight  of  760  lb  (345  kg)  ^estifo  1995). 
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The  recoil  force  is  calculated  as  (Fire  Suppoit  Armaments  Center  1991) 


Fr  = 


V  J 


m.  L. 

V  ^  O 


(9) 


where  Fj  denotes  the  recoil  force,  I  is  the  impulse  imparted  by  the  camion  to  the  system,  nij,  is  the  mass 
of  die  recoiling  parts,  and  L^.  is  the  length  of  the  recoil  stroke. 

The  maximum  recoil  stroke  length  of  the  M198  is  72  in  (1.83  m).  The  maximum  ballistic  impulse, 
is  10,128  Ib'S  (45  kN*s)  for  an  M198  equipped  with  a  muzzle  brake,  firing  the  M203A1  charge  (Fire 
Support  Armaments  Center  1991).  Substitution  of  these  values  into  equation  9  yields  a  recoil  force  of 
39,321  lb  (175  kN).  This  represents  the  maximum  force  that  must  be  absorbed  during  the  recoil  cycle 
of  the  M198  with  its  currmit  recoil  system,  the  M45. 

Benet  Laboratories  estimated  that  an  improved  hydropneumatic  recoil  system  could  be  dftsignftH, 
resulting  in  a  1,750-lb  (794  kg)  recoil  mechanism  (Fire  Support  Armam^ts  Center  1991).  The  mass 
estimate  for  the  barrel  based  on  the  fatigue  analysis  of  section  1.2  is  2,800  lb  (1,270  kg),  allowing  for  a 
cannon  with  24*00  cycles  to  failure  (CTF),  which  is  equivalent  to  tiie  wear  life  criterion  in  place  for  both 
the  M199  and  M284  barrels  tiring  the  top  zone  charge,  M203A1  (Rring  Tables  1991).  Royal  Ordnance 
has  shown  a  weight  savings  of  100  lb  (45  kg)  can  be  attained  by  substituting  titanium  for  die  steel  when 
fabricating  the  muzzle  brake.  The  sum  of  the  recoiling  components  for  this  system  is  listed  in  Table  8 
as  Variation  A.  A  similar  listing  of  the  M198  baseline  is  provided  for  the  sake  of  comparison. 

The  adoption  of  a  soft  recoil  system  similar  to  that  detailed  in  the  previous  section  allows  for  a 
2,300-lb-s  (10.2  kN*s)  reduction  in  the  impulse  imparted  to  the  gun  system.  Incorporating  dus  reduction 
into  the  calculation  of  the  recoil  force,  equation  9  produces  a  recoil  force  23%  less  than  that  of  the  M198. 
Thus,  the  M45  recoil  system  is  overdesigned  in  its  capability  to  handle  the  recoil  requirements  of  the 
Variation  A  howitzer  design. 

An  assumption  was  made  at  this  point  that  diere  is  a  linear  relationship  between  the  recoil  loigth  and 
the  weight  of  the  recoil  mechanism.  It  was  also  assumed  that  the  decrease  in  the  recoil  mechanism’s  load- 
carrying  capacity  could  be  no  greater  than  the  p^cent  decrease  in  the  recoil  length.  For  example,  based 
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Tsk^  8.  Mass  Tradeoff  Summary  of  CaruKm  and  Recoil  AssemUies 


Variation 

Barrd 

Wgt 

Ob) 

Muzzle  Brake, 
Breetdi 

Ob) 

CanrxMi 

Assonb 

Ob) 

Recoil 

Mech 

Ob) 

Total  Recxnl 
Wgt 

Ob) 

Rec(Ml 

Fotct 

Ob) 

Rec(Ml 

Lengdi 

(ft) 

1  Basdine  M198  155-iran,  towed  howitzer  || 

1  M198 

3,840 

1.010 

4,850 

2,150 

7.000 

39.321 

6.0 

1  Reduced  band  wdg^  (2400  CTF)»  SR,  and  recoil  n^dianism  and  muzde  teake 

A 

2,800 

910 

3,710 

1,750 

5,460 

30,115 

6.0 

11%  Reductkm  of  recoil  sttokQ  Iragtfa  and  medisausm  mass,  SR  || 

B 

2,800 

910 

3.710 

1,558 

5,268 

35,070 

5.34 

2400-CrF  banel,  M119A2  maximum  chmge,  SR  || 

c 

1,700 

910 

2410 

1,750 

4,360 

20.412 

6.0 

20%Redu(^kmofrecml^idcelragthandmedtamsmmass,SR  | 

1,700 

910 

2,610 

1,400 

4,010 

27,742 

4.8 

29-Cda)er,  2,500-CTF  Barrel,  SR 

1 

L l= 

1,520 

910 

2,430 

1,400 

3,830 

29,046 

(Ml  these  aiiaaHTuMkms,  a  5%  ledoctitMi  in  die  recoil  stroke  would  result  in  a  5%  reductuMi  in  die  mass  of 
the  recoil  mechanism,  and  the  allowable  recoil  force  wordd  be  95%  of  the  origin^  system’s. 

Emjdoyir^  these  assumpdons  led  to  Variation  B  of  die  howitzer  study,  which  assimed  an  11% 
rerhictkMi  in  reccdl  stroke  with  a  ctMie^nding  mass  reduction  of  the  recoil  mechaiism.  The  irpit  values 
fcM*  equ^KMi  9  are  lis^  in  T^de  8  al(xig  with  the  calculated  recoil  force.  A  compariscMi  of  this  crdcidtued 
rec(»l  force  to  the  Ml^  baselme  ^ws  it  to  be  11%  less,  nearly  equivaloit  to  die  assumed  reduction  in 
strcdce  iftngth  Hiis  equivalence  signifies  that  further  shortening  of  the  recoil  syston  would  yield  recoil 
forces  in  excess  of  its  load-carrying  cr^abili^. 

The  result  of  these  calculadcms  was  a  systm  whose  recoiling  mass  was  5,268  lb  (2,390  kg).  Addmg 
this  to  the  wdg^  of  the  li^dweight  ccunponents  from  the  ARDEC  study  given  in  section  1.2  results  in 
a  howitzer  of  jqtfMoximately  10,000  lb  (4^36  kg).  Although  other  wei^t-reductkMi  tedinitpres  were 
considered,  it  became  apparent  that  the  7,(X)0-lb  goal  weight  was  not  attainable  vdiile  marntainir^  M198- 
equival^  pertinmance. 
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Adlieving  dgniScant  decreases  in  the  wei^  of  the  howitzer  required  drat  mrne  drastic  stq>s  be  taken. 
Ihus,  the  dedskxi  was  made  to  pursue  a  reduced  system  wei^  by  backing  off  the  hi^-imixilse  M203A1 
diarge.  It  was  recognized  diat  such  an  ^roach  would  decrease  the  range  c^rat^ty  of  the  systm; 
however,  it  was  deoned  the  most  fHactical  way  of  staining  the  desired  goal  weight 

The  Ml  19A2  was  sdected  to  be  die  maximum  allowade  diarge  cmisid^ed.  The  Ml  19A2  inoduces 
an  in^ulse  of  8,059  Ib-s  (35.8  kN-s)  vhen  fired  fiom  the  M198  with  a  muzzle  brake  having  an  effidoicy 
of  0.7  (Fire  Suppiwt  Armaments  Center  1991).  Adding  in  a  soft  recoil  capal^ty  e^valent  to  that 
assumed  previously  results  in  a  system  impulse  of  5,759  Ib-s  (25.6  kN-s).  Redudng  the  charge  dlows  for 
a  less  masdve  band,  whh  die  weight  of  1,700  lb  (771  kg)  (takoi  ftmn  Figure  4)  for  m  assmned  fttdgue 
life  of  2,500  cydes.  The  ii^  parmneters  for  dns  4,360-lb  (1978  kg)  recdl  system  me  listed  as 
Varijdoa  C  in  Tdile  8  akmg  with  die  resuldr^  calculated  recoil  force.  The  recdl  ftnee  is  well  bdow  die 
load-cmrymg  c^^city  of  die  M45  systmn  due  to  d^  badisdc  impulse  bdng  (nily  about  half  dim  of  the 
M198  with  foe  zcme  8s  diarge.  TMs  system  thmi  requires  a  mudi  dimter  recoil  strdce  and  makes  it 
posside  to  shcMten  foe  recdl  mediarnsm  conpmients  cmisiderady.  Reducing  die  recdl  length  by  20% 
would  ^Dvide  a  cmiespcmding  decrease  in  the  mass  (based  on  die  previous  assumfdrm).  This  vmiati<»i, 
D  in  Tdde  8,  has  a  dicntmied  recoil  medianism  with  a  weight  of  1,4(X)  lb  (635  kg)  and  a  recdl  fmce  (mly 
76%  dud  of  die  M198  basdine. 

A  recoil  mecharnsm  having  a  1,400-lb  mass  represmits  a  significant  refoictitm  from  the  M45  recoil 
medi^sm  used  cm  die  M198.  The  M45  weighs  2,150  lb  (975  kg),  and  its  principal  assemblies  are 
tdiulated  in  Tdde  9  (Medium  Artillery  Systmns  Office  1989).  Table  9  also  {uovides  the  mass  of  various 
cmi^imimits  dud  make  up  die  M45  (Murray  1995).  This  is  an  average  value  obtained  by  weighing  seven 
dififeimd  disassmUed  M198s.  Note  that  die  sum  of  the  cmnpoieid  masses  is  140  lb  (63.5  kg)  shy  of  the 
2,150-lb  mass  qiuded  for  the  M45.  The  shortfall  results  from  not  having  a  mass  value  for  the  sleeve 
bearing  assmnbly,  and  the  mass  assodated  wifo  some  anaUer  compmienfe  is  not  listed.  A  recoil  syst^ 
with  a  20%  reduction  in  strdce  length  would  allow  for  shorter  rails,  recoil  cylinder  a5a«»mblieR,  mid 
recuperatOT  cylinder  assembly.  Applying  a  comparable  20%  mass  savings  to  these  components  yields  a 
195-lb  (88.4  kg)  weight  savings.  The  counterweight  can  be  eliminated,  nettmg  an  aAttrinnat  454  ib 
(210  k^  fOT  a  total  ravings  of  649  lb  (294  kg).  The  effect  of  eliminating  the  counterweight  «i  die 
we^xm  systems  stability  is  addressed  in  tife  next  secticm. 
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TaUe  9.  M4S  Recoil  Mechanism  Component  Mass 


M45  Recoil  Mechanism 

1  CcMppon^tt 

Component  Wei^t 
Ob) 

Modified  Componait  Weight 
Ob) 

Recuperator  Cylinder  Assembly 

470 

376 

(20%  Irag.  reduction) 

Recoil  Cylinder  Assmbly  (2) 

271.6 
(135.8  ea) 

217.3 

(20%  loig.  reducdcm) 

Rqdenisher  Cylinder  Assembly 

43.6 

43.6 

^eeve  Bearing  Assembly 

Not  Available 

Not  Availatde 

Air  Cylinder  Asson^y 

70.5 

703 

Rear  Yoke 

238.8  (steel) 

135.0  (Ti) 

Middle  Yoke 

85.7  (steel) 

48.5  (Ti) 

FrcxU  Ycike 

141.8  (steel) 

80.2  CTi) 

Rails  (2) 

233.6 
(116.8  ea) 

186.9 

(20%  leng.  reducdcm) 

Ccmnterwdght 

454.4 

0 

Totals 

2,010 

1,158 

Addili(Hia]ly,  the  tiuee  yoke  assonblies  aie  steel  and  have  a  combined  mass  of  466.3  lb  (211.5  k^. 
Titanimn’s  doisity,  0.16  Ib^^  is  43%  less  dian  steel’s,  which  is  0.283  Ib^^.  Direct  material  substitutitm 
of  titmunm  fw  steel  nets  an  addition^  mass  savings  of  202.6  lb  (92  kg).  Direct  substitutitm  of  materials 
is  fxbbaUy  stmaewhat  muealistic  suu^  a  titanium  component  would  likdy  need  to  be  larger  to  provide 
die  same  load-carryii^  c^ial^ty.  However,  since  the  lightweight  system  will  have  a  lower  bdlisdc 
imptdse  due  to  lesdit^g  the  system  to  the  less  severe  Ml  19A2  charge  and  incoiporation  of  a  soft  recoil 
system,  the  cmuptmoits  will  be  required  to  carry  a  reduced  load.  Iherefore,  the  estimate  provided  by 
direct  material  subditution  is  deemed  reasonable.  This  savings,  plus  that  achieved  by  shcvtmiing  the 
various  recoil  cmupcmimts,  produces  a  total  mass  850  lb  (385  kg)  less  than  the  M45,  resulting  in  a  1300- 
lb  (590  kg)  reccHl  mechanism.  This  is  comparable  to  die  l,4(X)-lb  weight  cited  earlier  and  loids  scmae 
credilulity  to  that  estimate. 
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Still,  evoi  with  tMs  much  hotter  recoil  mechanism,  the  total  recoil  wd^t  sUmds  at  4,010  lb 
(1,819  kg)  (Vaiiatioa  D  in  8).  This  was  still  excessive  if  we  were  to  adiieve  a  7,000-lb  syst^ 
ctq)aUe  of  bdng  pulled  by  a  2.S-ton  trade.  The  next  considerati<m  to  sigmficamly  reduce  the  mass  of  the 
recoiling  paits  was  to  exmnine  die  feasit^ty  of  a  shoiter  gun  banel.  This  rqiresaited  a  depmure  hmn 
the  39-cjdiber  S3rstems  {uesenfly  used  by  tite  U.S.  Anny  and  its  pursuit  of  even  l<mger  S2-caliber  cannons 
(Idelman  tmd  Flraoff  1994).  huerior  ballistic  code  calculdkms  were  made  using  IBHVG2  (Anderson  tuid 
Fickie  1987)  to  determine  at  what  l^igth  of  travel  the  M119A2  chaige  cmni^tely  bmns  out  It  was 
estimated  thd  dioitenmg  the  emmem  length  to  29  caliber  would  i»ovide  23  caliber  of  travel  and  t^idmize 
the  tube  Imigth  to  the  burnt^  noe  of  the  Ml  19A2  chaige.  The  29-caliber  tube  reduces  the  ctmixm  weight 
by  180  lb  (82  kg).  Adt^ting  die  29-caliber  barrel  i»ovides  a  means  of  gdting  the  recral  mass  down  to 
a^^xun^ly  3,830  lb  (1,737  kg),  which  is  likely  the  maximum  allowatde  in  order  to  arrive  at  an  overall 
7,(XX)-lb  syst^  weight  This  ^stan  is  reflected  in  TaUe  8  as  Variatkm  E. 

The  prin^d  memis  of  reAicing  the  recoil  was  adt^iting  a  soft  recoil  syst^  to  lower  the  rearward 
impulse  of  ^  recdi&ig  parts.  Hus  aUowed  die  l^igdi  of  die  recml  strdee  to  be  dimtened  and  the  overdl 
system  wei^  to  be  reduced.  Ekiwever,  the  cpiestimi  arises,  "Is  sudi  a  soft  recoil  system  feasiUe?"  To 
deter^ie  die  plmisil^ty  of  sudi  a  soft  rec(^  system  design,  calcul^cxis  were  marfe  based  mi  soft  recoil 
work  dmie  at  Rode  Island  Arsoial  (RIA)  (Bowrey  1994). 


EquiUiem  9  ctm  be  used  to  catenate  the  driving  force  needed  to  in^iait  the  forwmd  impidse  of  the  soft 
recoil  ^ocess.  ft  is  assumed  duU  the  ftuward  travel  distance  is  mie-durd  of  the  rearward  recml  ftavel. 
Based  <»  Varit^cm  E  in  Talde  8,  the  forward  travel  Imigdi  would  be  1.6  ft  (0.49  m).  The  recoil  mass  is 
3,830  B)  (1,737  kg),  and  the  ftuward  impulse,  I,  was  earlier  assumed  to  be  2,300  Ib-s  (10.23  kN  s). 
Em^ymg  these  vdues  in  equatkm  9  produces  a  resultant  force  of  13,898  lb  (61.8  kN).  Using  RIA’s 
estinutfes  ftu*  flmd  mid  ftictkuial  losses,  an  additional  force  of  3,800  lb  (16.9  kN)  is  added  for  a  total 
reqpmed  driving  fiwee  oS  apfuoximately  17,700  lb  (78.7  kN).  Usii^  dual  3-in-dimn^r  (76.2  mm) 
hydraulic  cylinders,  having  a  todil  cross-sectimial  area  of  14.14  in^  (91.21  cm\  requires  a  mean  cylinder 
gas  pressure  of  1,252  psi  (8,631  kPa). 

To  size  the  recoil  cylinders,  it  is  necessary  to  calculate  the  total  gas  volume.  A  {uessure  ratio  of  1.35 
was  assmned  over  the  run-up  distance,  this  value  cmning  fixun  juevious  RIA  calcidmkuis  (Bowrey  1994). 
With  die  fc^wing  two  rdation^ps. 
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P2+Pl 


Pz 

_  =  1.35  and 
Pi 


2 


i;252. 


die  {Messuie  at  die  ^  of  nm-np,  P^,  and  die  pressure  at  die  begiiming  of  nm-up,  P2,  may  be  detennined. 
Solving  these  two  equations  yields  P^  =  1,065  psi  (7343  kPa)  and  P2  =  1,438  psi  (9,914  kPa). 


The  cuUc  displacement  required  for  the  recc^  cylincfer  can  be  detennined  firmn  the  adisdiatic 


rdatkmship 


f  ^ 

( ^ 

P2 

Vi 

Pi 

V2 

V 

*  J 

\  ^  ) 

(10) 


where  k  has  a  value  of  1.8  feu*  nitre^^  Eqpiatkxi  10  may  be  rewnttra  to  eiqness  V2  in  tenns  of  the 
differmce  betix^oi  Vj  and  the  cutuc  ^spilacmoit,  AV.  Thus  we  have 


V,  -  AV 
V  ^  / 


=  1.35. 


(11) 


The  odHC  mdi  diq^acement  can  be  eiqpressed  as 


AV  =  2L 


(12) 


where  L  is  die  nm-up  distance  (1.6  ft)  and  d  is  the  diameter  oi  the  recoil  cylinder  (3  in).  Substitution  of 
these  values  into  etpiatum  12  yields  AV  =  271  in^  (4,448  cm^.  Subsequendy  using  dus  in  equation  11 
and  stdving  for  Vj  produces  a  vMue  of  1,765  in^  (0.029  m^).  Since  V2  =  Vj  -  AV ,  V2  is  found  to  be 
1,494  in^  (0.0245  m^. 
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The  volume  di^aced  (m  die  recoil  stroke  can  be  calculated  using  equation  12  and  ivdng  the  recoil 
travel  length  of  4.8  ft  (1.46  m)  as  L.  \i^th  a  cylinder  diameter  of  3  in  (76.2  mm),  AV  for  the  recoil  stroke 
is  814  in^  (13,344  cm^). 

The  gas  {Hessure  at  the  end  of  recoil,  P3,  may  be  calculated  using  the  fcnm  of  equatitm  10  and  is 
calculated  as 


1,065 


^  1,765 

^  1,765  -  814 


M.8 

) 


(13) 


Nh]lli{dying  das  gas  pressme  by  the  total  cross-seclKmal  area  of  the  cylinders,  14.14  in^,  gives  die 
resukmg  load-cairyh^  cafiaMity  of  45,837  fli  (204  kN).  Ihe  actual  recoil  fm’ce  andciptoed  is  listed  in 
Tal^  8  as  29,046  lb  (129.2  kN).  Thereftne  the  recoil  system  will  operate  as  desired  under  normal 
(gritting  ctmditkms.  The  details  of  firing  at  ncHizero  elevadtm  and  die  timing  of  round  ignition  m 
(^Mimize  the  fiawiud  in^Hilse  me  beyrnid  the  sc(^  of  das  study.  However,  it  should  be  noted  that  major 
ctmcmns  fix’  a  s(^  recoil  system  me  the  malfimction  cmididons  dim  occur  whm  there  is  eidier  a  misfire, 
and  no  rearward  mqailse  is  ^pfdkd,  or  whmi  diere  is  a  {xmatuie  fire,  so  dim  the  round  is  fired  frcan  the 
imc^  pomdon  mai  widi  no  forwmd  impulse  imparted.  Tradititmally,  a  redundant  recoil  system  has  been 
required  to  safeguard  agaiia;t  Aese  conditions.  This  ^qxoach  is  cosdy  and  undermines  the  concept  of  a 
lightwei^  howitzer.  It  is  impeimive  that  miy  secondary  badcup  system  be  lightweight  to  minimize  the 
tottd  system  wei^ 

To  ixotea  the  system  fiom  a  failtue  during  firing  or  reccal,  it  is  proposed  to  place  crushatde  cmnposite 
tubes  bodi  fixe  and  aft  of  the  barrel  as  ^wn  in  Hgure  5.  The  crush  tubes  betand  the  txeedi  would 
dissqiate  die  recoil  energy  in  die  event  dim  the  soft  recoil  cycle  failed.  The  smaller  crudi  tubes  forward 
of  the  Ixeech  fxovide  a  means  (rf  absortang  die  energy  due  to  the  forward  mcanmitum  of  the  gun  during 
the  s(dt  recml  cycle  in  die  evmft  of  a  misfire.  A  U.S.  patent  has  bemi  i^lkd  for  rni  this  tedinology 
(H^ipel  et  aL  1996).  hi  gmieral,  the  purpose  of  a  crushmde  tube  is  to  abstab  energy  through  the 
ixogressive  defixmatkm  or  fimture  of  material.  This  jxocess  can  be  eidianced  and  controlled  dirou^  the 
use  of  ctanposite  materids  in  the  ccmstraction  of  the  crush  tube.  Figure  6a  (Hull  1991)  ^ws  a 
rqxesentative  cru^  tiibe  of  length  L. 
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The  ttd)e  ^wn  in  Hguze  6a  is  deigned  widi  a  diamfeted  end  to  act  as  a  trigg^  mechanisan  to 
initiiae  crusiiii^.  As  die  tidie  is  loaded  in  ctmqMession  in  the  axial  diiectirai,  the  material  is  iiqdaced  in 
die  radial  direction  by  a  amtlnnatUHi  of  mechanims  including  localized  fiacture  and  bending  (Figoie  6b). 
Cruslong  ^xwld  oxuinue  in  a  ^abie  manner  undl  the  tube  is  fiiUy  crashed  ^guie  6c).  Hguie  7  shows 
a  re|xesentative  load  vs.  dis^dacem^  curve  for  die  cradling  process.  Generally,  souk  iiudal  load  (P„„) 
is  ^^died  to  the  tube  to  imdate  orudung  (stage  a).  Once  cruslung  is  initided  (stage  b),  the  material  diould 
absorb  oieigy  d  a  faidy  omstdit  rde  as  die  tidie  is  cradled.  Once  the  tube  is  fully  au^ed  (dage  c),  die 
load  uicreases  as  the  mddial  is  c(»ipacted. 

OAer  advanced  reccHl  mit^dkxi  teduuques  were  omddded  in  tm  attempt  to  further  improve  the 
efSdeacy  oi  &e  rec^  medumism.  One  posdbte  advaiKe  currdidy  being  leseaiclied  is  the  use  of 
electroibe^o^cd  (ER)  fluids,  vdiidi  can  be  used  to  incre^  the  viscodty  of  the  fluid  in  ^  recral  system 
to  mimmize  the  rec^  fluce.  L&etdse,  "smarf*  recoil  systems  did  qifdy  a  varidde  braking  fluce,  as 
needed,  <hiiii^  &e  event,  de  under  invesdgatirm  (Fkuoff  1994).  While  both  teclmiques  show  smne 

^OBUse  as  a  raeds  of  mhigata^  reo^,  diey  were  not  incoipraated  into  the  {Heseru  study  because  they 
are  cmisidaed  to  be  momature  tectoblo^es  d  the  {sesdU  time. 


Figure  7.  Absorbed  load  vs.  disolacemait  for  a  composite  tube  imdereoing  cmshing. 
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2.4  Banel  Length  and  Charge  Tradeoffs.  In  order  to  aitiiely  bum  the  M119A2  dunge  in-bore,  a 
minimum  travd  of  23  caliber  is  required.  Hiis  results  in  a  cannon  tube  having  a  total  length  of  29  caliber. 
The  Ml  19A2  re(pures  the  greatest  loigth  of  projectile  tiavd  fin*  burnout  of  all  fielded  15S-nun  charges. 

The  tradeoff  of  going  to  a  29-caliber  cannon,  of  onuse,  is  a  reductiai  in  the  syst^’s  effective  range. 
The  IBHVG2  code  was  used  to  determine  the  muzzle  velocity  of  a  95-lb  (43.1  kg)  projectile  from  39-  mid 
29-caliber  15S-mm  caimcms  with  the  M119A2  charge. 

The  M119A2  diaige,  in  the  39-caliber  M199  cannon,  will  fire  the  9S-lb  (43.1  kg)  MIO?  round  widi 
a  muzzle  velocky  (tf  2,260  fi/s  (689.0  m/s)  to  a  maxiimim  rmtge  of  18,200  m.  The  muzzle  velocity  for 
the  M107  roimd  fired  with  the  Ml  19A2  charge  from  a  29-calibmr  barrel  is  2,080  fl/s  (634.6  m/s),  resultmg 
in  a  maximum  range  of  16,700  m.  The  reduction  in  muzzle  vdocity  is  t^roximately  8%.  The  resulting 
re(to:ti(xi  in  itnge  is  also  dxiut  8%.  Range  calculatimis,  udng  muzzle  velocities  determined  fimn 
IBHVG2,  were  made  using  the  General  Trajectory  Mxtel  (GTRAJ3),  whidi  is  based  cm  firing  table  dma 
(U.S.  Army  Btdli^  Resemdi  Labormcny  1991). 

Tatde  10  presorts  the  range  capid^ties  of  the  lOS-mm  Ml  19,  a  lS5-mm  wtth  the  M199  barrel  (39 
caliber),  and  the  li^rtweigltf  ISS-mm  (29  caliber)  howitzers  fcH*  various  juojectiles  mid  chmges.  Although 
the  li^uweight  155-mm  howitzer’s  reduced  charge  c^ial^ty  (use  the  Ml  19A2  instead  of  the  M203A1) 
and  dimto'  barrel  rechice  its  rmige  performance  m  compariscm  to  die  M198,  they  provide  mi  ^[^uoximately 
19%  imi»ovemeru  m  rmige  ctqialMliQr  over  the  lOS-mm  Ml  19  for  a  ncm-rocko-assisted  kumch.  Feu*  the 
nxho-asmsted  (RA)  case,  the  lightwdght  155-mm  has  an  8%  improvement  in  range  vs.  that  of  the  105- 
mm  homtzer.  The  ligjlttweig^  155-mm  howitzer  not  only  [UDvides  a  range  curability  superior  to  the 
105-mm  Ml  19,  but  allows  fin*  the  carrying  of  substantially  greater  mass  and  volmne  to  increase  the 
lethdity  of  die  deliveraUe  pajdoad. 


Ooe  cemeem  about  adc^Ming  a  shorter  loigdi  gun  barrel  is  the  effect  of  the  Uast  ovoiuessure  exposure 
on  he  crew.  To  address  dus  cemeem,  overpressure  calculadcms  were  made  to  see  if  miy  deleterious  effects 
were  iruroctaiced  by  having  a  29-caliber  barreL 


26 


Table  10.  Range  Capability  Comparisons 


Round 

Charge 

Range  (m) 

1  105-mm  Ml  19  Howitzer 

M913(RA) 

M229 

20,100 

M760 

M200 

14,000 

M444 

M67  Zone  7 

11,200  (air  burst) 

1  155-mm  M198  Howitzer  (39-caliber  M 

199  Cannon) 

M549A1  (RA) 

M203A1 

30,300 

M549A1  (RA) 

M119A2 

23,700 

M483A1 

M119A2 

17,800  (air  burst) 

M107 

M119A2 

18,200 

155-mm  Lightweight  Howitzer  (29 

'  caliber) 

M549A1  (RA) 

M119A2 

21,800 

M483A1 

M119A2 

16,300  (air  burst) 

M107 

M119A2 

16,700 

Two  sets  of  calculations  were  performed.  First,  the  39-caliber  M199  barrel,  used  on  the  M198  fbring 
tihe  M203A1  charge,  was  investigated  to  provide  a  baseline  comparison.  The  second  case  looked  at  a 
29-caliber  gun  barrel  firing  the  Ml  19A2  charge,  die  top  zone  charge  for  the  proposed  lightweight  system. 
Both  cannons  were  assumed  to  employ  a  muzde  brake  with  an  efficiency  equal  to  0.7.  There  was  little 
discernible  difference  between  the  resulting  pressure  contours  for  the  two  systems.  However,  the  muzzlft 
being  10  caliber  closer  to  the  crew  for  the  29-calib^  gun  subjects  the  arew  to  a  higher  sound  pressure. 
The  calculations  found  the  level  at  the  rear  of  the  29-caliber  gun  to  be  30  kPa  (4.35  psi)  vs.  a  level  of  22 
kPa  (3.19  psi)  at  the  breech  of  the  39-caliber  system. 


MIL-STD-1474D  (Departmrat  of  Defense  1993)  sets  limits  on  the  maximum  pamissible  impulse  noise 
for  an  open-air  firing  of  an  Army  system.  To  apply  the  standards,  it  is  necessary  to  convert  the  pressure 
levels  to  decibels  using  the  following  equation  (Beranek  1971): 


r  ^ 


Sound  Pressure  Level  =  20  log 


(14) 
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wheie  is  tiie  ims  sound  i»essaie  (2  x  10'^  N/m^  for  aiibome  sound)  and  p  is  the  rms  sound  {uessuie 
in  Thus,  em{rik>ying  the  22,000  N/m^  and  30,000  NAn^  sound  {xessuie  levels  of  die  39-  and 

29-c^t)er  banels,  lespectivdy,  in  equadcm  14  yields  decibel  levels  of  180.8  dB  and  184.1  dB  fw  the  two 
banel  loigths. 

Hgure  8  {dots  lines  W,  X,  Y,  and  Z  to  show  the  allowaUe  eiqxisuie  limit  impulses  ftM*  various 
duiatkms.  These  data  ace  t^n  dicecdy  from  MIL-STD-1474D,  as  is  the  informatitxi  inT^de  11  diat  lists 
the  maximum  p^missible  of  eiqxisures  per  day  for  the  various  in^Mdse  noise  limits  tor  someone 

wearing  bodi  ear  plugs  and  muffs  feu*  hearing  protectum  (Dqiartrnem:  of  Defimse  1993).  Under  the 
guiddines  ha  IdiL-STD-1474D,  soimd  [xessures  above  the  Z-level  are  ctmsidered  to  be  excessive  for 
militmy  sy^ems. 

Ihe  soimd  {uessure  values  fmr  the  29-  dod  39-caliber  gun  barrels  are  shown  in  Figure  8,  and  bodi 
exceed  die  Z-levd  limit  imposed  1^  MIL-STD-1474D.  Therefore,  based  (m  the  MIL-STD,  both  systems 
are  unaccepddiie.  However,  the  39-c:diber  case  cone^pemds  to  dm  M198  howitzer,  which  is  a  fielded 
systm.  Furdim'  resemdi  finmd  diat  previous  wmk  had  ideiuified  the  M198  as  exceedii^  the  allowdde 
impidse  lusse  limits  (Sdslxuy  1981).  Salsbuiy’s  woik  helped  qair  a  review  die  sound  {Hessure  hmits 

the  Cfffice  of  dm  Suigeim  Gomral  and  ultimately  resulted  in  proposed  dianges  to  Blast  Oveifuessure 
(BCH*)  Hedth  Hazardous  Assessment  QIHA)  i»ocedures.  These  new  HHA  {Hocedures  jm^xised  a  new 
allowaide  peak  impulse  level  of  187  dB  for  100  eiqmsures/day  for  a  systmi,  sudi  as  a  howitzer,  having 
a  B-DuiatUm  of  less  dian  60  ms  (Departmmt  of  the  Army  1990).  The  HHA  also  states  that  for  peak 
{Nessure  levels  below  187  dB,  dm  allowaUe  number  of  rounds  per  day  will  be  doutded  for  eadi  3-dB 
decrease.  Thus,  under  the  Suigeim  Gomral’s  guidelines,  the  29-caliber  barrel  beamms  a  viatde  qidon 
fn*  a  ISS-nmi  howitzer  with  tm  allowance  of  up  to  200  rounds/day  for  a  givm  gun  oew.  In  additiem,  it 
should  be  noted  that  rotation  of  the  crew  to  various  wet^n  service  statkms  would  reduce  the  individual 
exposures  and  permit  an  increase  in  dm  allowance  of  rounds  fired  per  day  by  a  particular  crew. 

2.5  Further  Cmnnonent  Weight  Reductions.  Ccunlnning  the  recoil  system  listed  as  Variadim  E  in 
TaUe  8,  with  a  wmght  of  3,830  lb  (1,737  kg),  and  dm  howitzer  omqxmaus  derived  fimn  dm  ARI2EC 
study  listed  in  Talde  5,  weiglnng  4,820  lb  (2,186  kg),  yields  a  howitzer  widi  a  mass  of  8,650  lb 
(3,924  kg).  Fuidmr  reductions  in  mass  of  the  howitzer  componmts  are  adrievalde  because  of  the  reduced 
sy^on  recoil,  26%  less  dian  dm  M198,  and  dm  overall  lightening  of  dm  structure. 
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Talde  11.  Impulse  Noise  Daily  E}qx)suie  Limits 


Inqmlse  Noise 
Lmait 

Maximum  Pennissftde  Number  of  &qx)Suie/Day 

No  Protection 

Either  Plugs  (h* 
Muffs 

Bodi  Plugs 
andhhdis 

W 

- Unlimited  E?qposure -  | 

X 

0 

2,000 

40,000 

Y 

0 

100 

2,000 

Z 

0 

5 

100 

The  data  fiw  the  MTL-designed  trails  in  Tatde  4  may  be  scaled  up  to  estimate  die  waight  of  a  ttail 
12  ft  (3.66  m)  kmg.  The  lightest  design  in  the  MTL  study  weighed  106  lb  (48  kg)  for  a  length  1 10  m 
(2.8  m),  which  scales  to  139  Ib  ft>r  a  12-ft  design.  This  lejuesems  a  significam  mass  savings  frcMn  die 
627-lb  (284  kg)  individual  trail  weight  used  in  the  ARDEC  study.  This  trmislates  to  a  total  weigjft  savings 
of  976  lb  (443  kg)  for  the  two  trails,  thus  putting  the  mass  of  lightweight  howitzer  at  7,575  Ib  (3,426  k^. 


29 


Tatde  5  nionerous  compcments  that  may  be  made  less  massive  due  to  the  reducticm  in  recoil  f<Hce. 
With  modificatkms  to  the  trails  having  already  been  made  previously,  the  three  largest  compcments  >^re 
weig^  savings  may  be  attained  are  the  carriage  weldments,  both  top  and  bottom,  and  the  cradle. 
Assuming  a  weight  leductitm  equivtdent  to  the  reduction  in  recoil  force,  26%,  produces  a  total  weight 
savings  of  469  lb  (213  kg)  . 

A  final  area  for  omsideration  of  weight  reduction  is  die  wheel  and  axle  assembly.  The  ARDEC  ^udy 
dea^  was  based  mi  the  wheels  and  axle  supporting  the  weight  of  the  M198.  The  lightweight  howitzer 
(tesign  has  a  wdght  of  less  than  half  the  M198  so  it  is  reasonable  to  assume  that  the  wheel  and  axle 
assenddy  weight  may  be  cut  in  half.  This  provides  another  380-lb  (172  kg)  weight  savings. 


Talde  12  is  a  c(»^alicHi  (rf  die  various  howitzer  cmnpcments  and  provides  a  comparismi  against  the 
ARISC  study  values  irmn  Taide  5.  The  recoil  medianism  is  taken  from  VariaticHi  E  listed  in  Talde  8. 
The  total  systmn  wei^  for  the  lightweight  howitzer  adds  up  to  6,821  lb  (3,094  kg). 


TaUe  12.  Lightweight  Howitzer  Component  Masses 


Systran 

Qmqxxieitt 

ARDEC 

Wgt 

Ob) 

LWT 
How.  Wgt 
Ob) 

Basis  for  Wgt 
Reduction 

5,000 

CTF 

Ob) 

Basis  fm  Wgt 
Reductimi 

Recml  Systran 
mid  CaoBon 

— 

3,830 

VariatimiE 

4,080 

5,000  CTF  Due  to 
M119A2  Reduced 
Wear 

Trails 

627  ea 

139  ea 

Scaled  MTL  Design 

139  ea. 

— 

Wheel  mid  Axle 
AssranMy 

763 

380 

50%  Reduction  in 
Overall  System  Weight 

380 

— 

T(^  Canine 

560 

414 

26%  Reduced  Recoil 

392 

30%  Reduced  Recoil 

Bottcan 

Cmriage 

538 

398 

26%  Reduced  Recoil 

377 

30%  Reduced  Recoil 

Cradle 

706 

522 

26%  Reduced  Recoil 

494 

30%  Reduced  Rectal 

Other 

Ccanpmirads 

999 

999 

No  Change 

999 

— 

1  Totsi  Wei^ 

6,821 

-  ■ 

7,000 

— 

30 


This  lightweight  howitzer  design  was  based  on  a  fatigue  life  of  2300  CTF  when  firing  the  M119A2 
as  its  t(^  zot»  dbaige.  Ute  life  cycle  for  the  weq)on  was  chosen  to  be  equal  to  the  M198,  \^ch  is  based 
(HI  the  wear  criteria  of  the  M199  barrel  firing  the  M203A1.  Initially,  the  ligbtw6i£^  syst^  had 
etjuivalertt  wear  and  fatigue  lives  because  the  analysis  began  by  examining  the  M203A1  as  the  top  zoae 
charge  for  the  weipcm.  Later,  restrictkMi  of  the  charge  to  the  Ml  19A2  was  adopted,  and  by  doing  so  die 
wear  Hfe  of  die  barrel  was  doulded  because  d^  M119A2  has  an  equivalent  erosion  effect  one-half  tibat 
of  die  M203A1  (U.S.  Army  Ballisdc  Research  Laboratory  1991).  Thus,  the  system  as  detailed  ineviously 
has  a  fatigue  life  of  2300  CTF  and  a  wear  life  of  5,000  CTF.  It  is  desirable  to  have  the  fadgue  life  be 
at  least  as  peat  as  that  of  die  wear.  Referring  back  to  Figure  4,  d^  barrel  weight  grows  by  250  lb  (113 
kg)  viiai  going  from  2300  fe  5,000  CTF  as  the  design  criterion.  This  additional  weigittputs  the  system 
at  7/171  fe  (3207  kg),  just  tdxive  goal.  However,  this  additional  mass  reduces  the  recoil  fm^ce  mi  the 
structme  30%  fiom  feat  of  the  M198  baseline.  Af^lying  a  similar  percent  reduction  to  the  cradle  and 
cmriage  (xmiqxmmds  m  Talde  12  residts  in  a  mass  savings  of  71  lb  (32  kg).  This  fdaces  the  estimated 
systmn  mass  ri^  at  7,(XX)  S>  (3175  kg).  Further  estimates  are  believed  to  be  achievable  by  optimizing 
die  rizing  of  the  reccHl  systm,  but  diat  was  outride  fee  intent  of  this  study. 

2.6  Stabaitv  C(Hisider^(»is.  The  analysis  has  shown  that  significant  mass  reductions  are  adiievride 
OR  a  155-mm  howitzer.  One  c(»ise^mice  of  having  a  lighter  system  is  it  beccMnes  more  difficult  to 
mh^ize  fee  howitzer  "jump"  or  "hop,"  which  necessitates  repositioning  prior  to  fee  next  feot  ^ 
afese^imdly  redi^es  the  firing  rrie.  Thus,  it  was  necessary  to  defermine  the  7,(X)0-lb  howitzer’s  statulity 
re^iirmems  before  declaring  it  as  a  realistic  possibility. 


Rgure  9  shows  a  rimple  representation  of  a  howitzer.  The  vector  represents  the  oitire  system 
weigltt  acting  through  the  wetqxMi’s  center  of  gravity.  F,  is  the  recoil  force  acting  along  the  axis  of  the 
gun  barrel.  The  figure  is  drawn  showing  a  horizontal  firing  plane  with  fte  height  at  which  the  recoil  fence 
acts  above  gtmind  denoted  as  H.  The  horizontal  or  direct-fire  position  repres^ts  die  most  severe 
oveitiumi^  moment  and  is  considered  to  provide  a  worst  case  for  the  stabiliQ^  analysis.  The  trail  length 
is  shown  as  L.  These  parameters  are  used  in  fee  governing  stability  equation  (Fire  Sui^xnt  Armamerds 
Center  1991)  given  as 


F,  *  H  <  .  L. 


(15) 
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Using  values  Ikhu  the  mass  tradeoffs  in  i»evious  sectirm,  a  weapon  weight  of  7,000  lb,  a  trail  tengih 

12  fit,  and  the  recoil  force  finxn  Variation  E  of  Tatde  8  can  be  used  to  calculate  the  maximum  tdlow^ile 
trunnirm  height  Substitution  of  Ae  values  imo  equatirm  16  shows  that  the  li^itweigltt  howitzer  must  have 
a  tnu^on  bei^  of  less  tiian  34.7  in  (0.88  m).  The  current  M198  trunnion  height  is  48  in  (1.2  m). 
HowevCT,  a  lower  trutmion  hdght  of  25.6  in  (0.65  m)  has  been  employed  successfully  by  ^’kuofif 
et  aL  1992).  Therefore,  the  7,000-lb  howitzer’s  staUliQr  can  be  assured  witii  a  30-in  (76  cm)  trunnimi 
height  The  lower  tnmnimi  hd^  also  provides  the  added  benefit  of  requiring  a  smaller  and,  in  turn,  less 
masdve  lower  carriage  as  was  assumed  as  part  of  the  i»evious  geometry  modificatirms. 

3.  CONCLUSIONS 

The  {Mirpose  of  this  study  was  to  idmitify  an  artillery  system  capaNe  of  {Hoviding  tire  light  numeuver 
fmees  with  155-mm  firepower  and  letiiality  vhile  meeting  their  md>ility  requiremertts.  A  review  of  the 


towii^  capa^ty  of  variinis  vehicles  showed  that  a  howitzer  wei^iing  7,000  lb  could  be  towed  off-road 
by  a  2,S-ton  tnu^  and  lifted  by  a  Blackhawk  helic(^>ter,  thus  making  it  a  viable  option  for  a  light  force 
unit 

Subsequendy,  a  study  was  (kme  to  see  what  weight  saving  measures  could  be  udcen  ro  leadh  the 
7,000-H>  goal  wdgltt.  K  was  h(^>ed  that  starting  with  &e  15,800-lb  M198  system,  dianges  could  be 
imidranented  to  readi  the  design  goal  wdght  vhile  mamtaining  the  range  c^)alMlity. 

Use  of  aunposhe  materials  and  li^ttweight  metals  sudi  as  titanium  {Movided  a  20%  mass  savings. 
TaOmhig  die  barrel  geometry  to  ckisdy  match  ^  m-bcne  jHessure  profile  and  mcoiporating  a  scdt 
recoil  syst^  provided  a  further  weigltt  reductitm  from  die  M198  of  10%.  Subsequeid  gecMuetry  rfiangpjg 
to  the  rear  trdls  tmd  reccul  cyimder  were  nd  substandal  enough  to  rethice  dM  inojected  weight  of  the 
howitzm^  bdow  8,500  tt)  (3,856  kg). 

Restrict  the  maximum  s^wdde  diarge  to  the  M119A2  (as  q[^)osed  to  the  M203A1)  {xoved  to  be 
the  find  needed  to  readi  Ae  dedred  wei^  level.  The  less  severe  Ml  19A2  diaige  allowed  for  a  less 
masave  l»eedi  and  barrel  mid  a  shrater  caliber  cmum  and  reduced  die  size  of  the  howitzer  siq^rt 
dructme.  The  c(»nlxnad(Mi  of  these  changes  resulted  in  a  7,000-lb  lig^eight  howitzer,  having  a  life 
cyde  twice  thd  of  the  M198,  being  deemed  possible.  Limiting  the  charge  to  the  M119A2  rehiced  the 
maximimi  range  of  d^  155^nm  howitzer  for  a  non-rocket-assisted  projectile  launch  frcnn  22.0  to  16.7  km. 
However,  this  16.7-km  range  stfil  exceeds  the  ccqiaMity  of  the  cxirrmd  105-mm  towed  howitzer  anfdoyed 
by  the  light  finces. 

This  study,  while  being  purely  analytical,  used  realistic  projections  based  cm  today’s  techncdogies. 
The  remilts  of  the  study  predict  that  a  7,000-lb  howitzer  can  be  dedgned  by  adopting  ccnnposite 
cxinqxmmd  parts,  adding  a  soft  recxiil  system,  and  using  the  M119A2  as  the  top  zone  charge.  Such  a 
system  would  {Movide  155-mm  lethality  at  ranges  beyond  diose  cuirentiy  attainaUe  by  105-mm  howitzers. 
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KKIMKER 

PKATINNY  ARSENiM-  NJ 
07806-5000 

1  PROJECT  MANAGED 

TANK  MAIN  ARMAMENT  SYSTEMS 
ATTN  SFAE  ASM  TMA  MD 
K  KOWALSKI 
PKATINNY  ARSENAL  NJ 
07806-5000 

2  PEO  FLD  ARTILLERY  SYSTEMS 

ATTN  SFAE  FAS  H  GOLI»4AN 

TMCWEUAMS 

PKATINNY  ARSeiAL  NJ 
07806-5000 

2  PROJECT  MANAGER  AFAS 
ATTNDESELCOCO 
J  SHIELDS 

PKATINNY  ARSENAL  NJ 
07806-5000 
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NO.C»f 

CCMPIES 


2 


2 


2 


4 


1 


1 


1 


1 


ORGANIZATION 


NO.OT 

CCfflES  ORGANIZATION 


NASA  LANGLEY  RSROI CTR 
MS  266 

ATTN  >^RL  VS 
WELBER 
F  BARTLETT  JR 
HAMPTCW  VA  23681-0001 

C(»k«MANI£R 

DARPA 

ATTN  J  KELLY 
B  WBLCOX 
3701NFAKFAXDR 
ARLINGTC»I  VA  222(»-1714 

COftAlANDANT 

USA  FID  ARTELERY  SCHL 

ATTNDCaJ 

COLQ»«EY 

E LYLES 

Pe«.T  SILL  (*73503 


CX»4MANDANT 

USA  FLD  ARIEIfRY  SCHL 

ATINATSFG 

ATTNATSFCN 

LTCPClffF 

D^OWN 

S  XXS^SON 

FORT  SSi  C*  73503 


AIUtlAMENT  FLD  (HK: 
ATTN  SFAE  AR  PS 
B  GARCIA 

KNOW  HALL  RM  217E 
FORT  SILL  <*  73503-5600 


USA  FLD  ARTELERY  SCHL 
USMCDCMLNO 
ATTN  ATSFCD  A 
LTCLLANE 

FCMIT  SEL  (*  73503-5600 


2  C(»{MANI*R 

US  ARMY  ARDEC 
ATTN  AMSTA  BA  AF  C 
SFIXMlCMf 
JLIPINSKI 

MCATINNY  ARSENAL  NJ 
07806-5000 

2  mOJECT  MANAC^  CRUSADER 

ATTN  SFAE  FAS  Ol  A 
J(X»SELLO 
FRIBE 

PKATINNY  ARSENAL  NJ 
07806-5000 

1  C(»^&IAN1£R 

ATTN  SMCRI XC 
F1£ARB(«N 

ROCK  ISLAND  IL  61299-5000 

1  C(»4MANISR 

ATTN  SMCRI  SEE  C 
KWYNES 

ROOK  ISLAND  IL  61299-5000 

1  COMMANI*R 

US  NSWC 
ATTN  G  06 
HJ(»^ 

DAHLGREN  VA  22448 

1  NAVAL  SURFACE  WARFARE  (HR 

DAHLGREN  DIV 
ATTN  ROD  HUBBARD 
a»EG33 

DAHLGRei  VA  22448 

1  NAVAL  RSRCH  LAB 

aX}E6383 
ATINIWGMLOCK 
WASHINGTON  DC  20375-5000 


HQS  *D  mi  8TH  FAR 
ATTN  CO 
LTCC  GRATES 
F(*T  BRAGG  NC  28307 


OFC  OF  NAVAL  RSRCH 
MECH  DIV  C(XJE  1132SM 
ATTN  YAPA  RAJAPAKSE 
ARLINGTON  VA  22217 


HEADQUARTERS 
8  ABN  (X*PS  ARTILLERY 
FORT  BRAGG  NC  28307 


NAVAL  ORDNANCE  STATION 
ADVANCED  SYSTEMS  TECENLGY  BR 
ATTNDHCEMES 
CXMCE2011 

LOUISVILLE  KY  40214-5245 
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NO.  OT  NO.  CF 

COPIES  ORGANIZATION  C(M>IES 


1  DAVE)  TAYLCHl  RSRCH  CTR  2 

ATTN  R  ROCKWELL 
WnmLLAIER 
BETHESDA  MD  20054-5000 

1  EMEFENSE  NUCLEAR  AGENCY 

INNOVATIVE  CXWTCEPTS  DIV 

ATTN  R  ROHR  1 

6801  TELE(EIAPH  RD 
ALEXANTaOA  VA  22310-3398 

1  EXreEHrnONARY  WARFARE  DIV  N85 

ATIN  FRANK  ^CHJP 

2000  NAVY  reNTAGW  1 

WAS9]»WFC»I  DC  20350-2000 

1  (»C  OF  NAVAL  RSRCH 

ATTN  Ikfil  DAVID  SffiGEL  351 
80ONQUDICYST 

ARLDIGTW  VA  22217-5660  1 

1  NAVAL  SURFACE  WARFARE  CTR 

ATINeG«MEG30 
JOa^HFRANOS 
D^^OjGREN  VA  22448 

10 

1  NAVM.  SURFACE  WARFARE  CTR 

ATTN  CCS*  G33 
KEIN  FRAYSSE 
DAHLGREN  VA  22448 

1  OaENSE  NUCLEAR  ACSENCY 

INNOVATIVE  CONCEPTS  DIV 
ATTN  LTC  JYUn  D  HEWTIT 
6801  TELEGRAPH  RD 
ALEXANEMUA  VA  22448 

1  CCMMANIXER 

NAVAL  SEA  SYSTEMS  CMD 
ATTNDUESE 

2531  RSFEERSC»f  DAVIS  HIGHWAY  4 

ARUNGTCW  VA  22242-5160 

1  NAVM.  SURFACE  WARFARE 

ATTN  NLMIY  E  LACY  CXXffi  D4 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 


ORGANIZATION 

CX^iMANDER 
WRIGHT  PATTERSON  AFB 
ATTN  WL  FIV  A  MAYER 
WL  MLBM  S  D(»IALDSC»Sr 
2941  P  STREET  STE  1 
DAYTON  OH  45433 

US  MARINE  CORPS 
MARC(»SYSCCX^ 

ATTN  CEOT 
MAJSHANSCOM 
QUANTTCA  VA  22134 

US  MARINE  CCNRPS 
MCCDC 

ATTN  REiyJIREMENTS  DIV 
MAJH  DOWNEY 
QUANTTCO  VA  22134 

EORECTOR 

BENET  LABORATORIES 
ATTN  AMSTA  AR  CCB  E« 
RGAST 

WATERVLJET  NY  12189-4050 
DIRECTOR 

BENET  LABCHIATORIES 

ATTN  AMSTA  CCB 

C  KITCHENS 

JKEANE 

J  BATTACaJA 

J  VASILAKIS 

GFFIAR 

GD'ANDREA 

VMONTVCHU 

JWRZOCHALSKI 

RHA95NBEIN 

AMSTA  CCB  R  S  SOPOK 

WATERVLIETNY  12189-4050 

IHRECTOR 

LLNB 

ATTN  R  CHRISTENSEN 
SI^TERESA 
FMAGNESS 
M  FINGER 
PO  BOX  808 
LIvmiMORE  CA  94550 
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NO.OT 

COPIES  ORGANIZATION 


NO.OT 

COPIES  ORGANIZATION 


1  LOS  ALAMOS  NATIONAL  LAB 
ATTNDRABERN 
MEE  13  MS  J  576 
*  PO  BOX  1633 

LOS  ALAMOS  NM  87S4S 

1  LOS  ALAMOS  NATIONAL  LAB 
ATTN  J  REH>A  MS  F668 
PO  BOX  1663 
LOS  ALAMOS  NM  87S4S 

1  OAK  RIDGE  NATKH^AL  LAB 

ATTN  RM  DAVIS 
PO  BOX  2008 

OAK  R2X3E  IN  37831-6195 

5  DStBClOSL 

SAtWiA  NATL  LABS 

APILM)  ItffiCHANiCS  I£PT 

ATTN  G  BENH)ETTI 

WKAWAHARA 

KPeiANO 

D  DAWS(»I 

PNSLAN 

DIV1»(»^8241 

PO  BOX  969 

UVBIMCatE  CA  94550-0096 

1  BATTELLE 

ATTN  C  R  HARGREAVES 
505KB4G  AVE 
COLUlk^S  C»1 43201-2681 

1  PACB5C  NC»THWEST  LAB 

ATTN  M  SMITH 
PO  BOX  999 
RiOSLAND  WA  99352 

1  LLNL 

ATTN  M  MURPHY 
PO  BOX  808  L  282 
LIVERMC«£  CA  94550 

1  AAI CCSIPORATION 

PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 


2  ADVANCED  COMPOSITE  MATERIALS 
CXMIPORATTON 
ATTN  P  HOOT) 

JRHOI^ 

1525  S  BUNCOT4BE  RD 
GREER  SC  29651-9208 

1  SAIC 

ATTN  DAN  DAKIN 
2200  POWELL  ST  STE  1090 
EMHIYVULE  CA  94608 

1  SAiC 

ATTN  £«  G  CHRYSSCSkfALLIS 
3800  W801HSTR 
STE  1090 

BLOGMINGTCN  MN  55431 

2  ALLIANT  TECHSYSTEMS  INC 
ATTN  C  CANDLAND 

R BECKER 
600  2ND  ST  NE 
HC»«INS  MN  55343-8367 

1  AMOCO  raRFOTMANCE  HtODUCTS  INC 

ATTN  M  MKHNO  JR 
4500  MCGBINIS  FERRY  RD 
ALPHARETTA  GA  30202-3944 

1  APPLIED  COTIPOSIIES 

ATTNWGRISCH 
333  NORTH  SIXTH  ST 
ST  CHARLES  R.  60174 

1  MIUNSWICK  EffiFENSE 

ATTN  T  HARRIS 
STE  410 

1745  JEFFERSON  DAVIS  HWY 
ARLINGTW  VA  22202 

1  CHAMBERLARf  MANUFACTURING  CORP 

RSRCH  AND  DEV  MV 
ATTN  M  TOWNSaiD 
PO  BOX  2545 
550  ESTHER  ST 
WATERLOO  lA  50704 
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NO.  (M? 

COPIES  ORGANIZATION 


NO.OT 

COPIES  ORGANIZATKMJ 


1  CUSTCMkffiR  ANALYTICAL  ENGRG 
SYSTEMS  INC 
ATTN  A  ALEXANISR 
13000  TENS(»  LANE  NE 
FLINTST(»}E  MD  21530 

1  HlOJECnLE  TECHNOLOGY  INC 

515  GILES  ST 

HAVRE  E®  aiACE  MD  21078 

1  ALLENBOUTZ 

NCSSISSTC 
1110  N  GLEBE  RD 
STE250 

ARLINGTC®!  VA  22201-4795 

1  ARROW  TECH  ASSOC 

1233  SHELM7RNE  RD  STE  D  8 
S<XJTH  BIHILINGTCW  VT 
054(B-7700 

1  C®NERAL  DYNANSCS 

LAI®  SYSTEMS  ESVISm 
ATTN  D  BARILE 
FO  BOX  1901 
WARREN  MI  48090 

3  HERCULES  INC 

ATTNRBt® 

FP(XJCELIJ 
JPOESCH 
POBOX98 
MAGNA  UT  84044 

1  I^CULESINC 

ATTN  B  MANI»RVILLE  HI 
IffiRCULESraZ 
WILKflNGTGftI  DE  19894 

1  HEXCEL 

ATTN  M  SHELENDKH 
11555  DUBLIN  BLVD 
PO  BOX  2312 
DUBLW  CA  94568-0705 


3  INSTITUTE  FC»  ADVANCED  TECHNLGY 
ATTNTKIEHNE 
HFAIR 
PSIHUVAN 
4^2WBRAKERLN 
AUSTIN  TX  78759 


1  TECHNICAL  IHRECim  AERCHEHYSICS 

INSTirUTE  FC»  ADVANCED  TECHNLGY 
THE  UNIV  (®  TX  AT  AUSTIN 
ATTN  W  REINECKE 
4320  2  W  BRAKER  LN 
AUSTIN  TX  78759-5329 

1  INTERFEROMETRICS  INC 

ATTNRLARRIVA 
8150  LEESBURG  PIKE 
VIENNA  VA  22100 

1  PM  ADVANCED  0(»4CEPTS 

LORAL  VOUGHT  SYSTEMS 
ATTN  J  TAYLOR 
PO  BOX  650003 
MS  WT21 

DAIXAS  TX  76265-0003 

1  BRIGS  CO 

ATTN  MR  Xm  BACXOTEN 
2668  PET01BOROUGH  ST 
HERDON  VA  22071-2443 

1  SOUTHWEST  RSRCH  INSTnUTE 

ATTN  MR  JACK  R1E(®L 
ENGRG  &  MATERIAL  SCIENCES  DIV 
6220  CULEBRA  RD 
PO  EHRAW^  28510 
SAN  ANTONIO  TX  78228-0510 

1  ZERNOW  TECHNICAL  SVCS 

ATTN  DR  LOUIS  ZERNOW 
425  WBCMOTA  AVE  SIHTE  208 
SAN  DIMAS  CA  91773 

1  R  EiCHELBERGER 

4<»W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  DYNA  EAST  CC»P 

ATTN  PEI  CHI  CHOU 
3201  ARCH  ST 

PHILArffiPHIA  PA  19104-2711 


1  LOCKHEED  MARMTTA  CORP 
ATTN  L  SPONAR 
230  EAST  GODDARD  BLVD 
KING  PRUSSIA  PA  19406 
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NO-OP 

CCffBES 

2 


1 

1 

1 

1 

1 


5 


1 

1 


ORGANlZATlC»J 


NO.OT 

COTffiS  ORGANIZATION 


CHJN  CORPORATION 
FUNCHBAUGH  DIV 
ATTN  E  STEINER 
B  STEWART 
POBOX  127 
RED  LK»I  PA  17356 

CflJN  CORP(»tATKM 
ATIN  L  WHITMORE 
10101  9TH  ST  N(»TH 
ST  PETERSBURG  FL  33702 

SPARTA  INC 
ATINJCSATZ 
9455  TOWl«  CTR  EHRIVE 
SAN  IXEGO  CA  92121-1964 

ROSB-HUMAN  INST  CF  TECH 
DQ>T  ex’  MECHANICAL  ENGNR 
ATINRKLLCXI 
W>^A;^  AVE 
I^IRE  HAUTE  47803 


LOCK^ED  MARTIN  DEFENSE  SYS 
ATTHMSOH^ 

100  PLASTICS  AVE  RM  2168 
mTSFmJD  MA  01202 

LOCKIffiED  MARTIN  ELECIRNICS 

AND  MISSILES 

ATTNPEffiWAR 

5600  SAND  LAKE  ROAD 

Itfl>718 

ORLANDO  FL  32819-8907 
ABERDEEN  PROVING  GROUND 


DIR  USAJMSAA 
ATTN  AMXSYD 

AMXSY  MP,  H  COHEN 
AMXSYGS, 

R  CHANDLER 

VBAXIVANOUS 

CBARKER 

CIXIUSATECCXI 
ATTN  AMSTETC 

DR  USAERDEC 
ATTN  SCBRD  RT 


ABERDEEN  PROVING  GROLJND  (Cmitinuedl 

1  cm  USACBDCXXf 

ATTN  AMSCTCn 

6  DIR  USA  AHOEC 

ATTN  AMSTAFSFT, 

RUESKE 

J  MATTS 

FMIRAnELLE 

REITEMILLER 

jmLER 

ASOWA 

77  DIR  USARL 

ATTN  AMSRLCL 

C  MERMAGEN  394 
AMSRLQC, 

WSTUREK  1121 
AMSRLQCB. 

RKASTE394 

AMSRLaS. 

AMARK309 
AMSRL  SL  B, 

PDETZ329 
AMSRL  SL  BA 
AMSRL  SL  BL, 

D  BELY  328 
AMSRL  SLL 
D  HASKELL  1065 
AMSRL  MA  P, 

LKH1NS(»I 
AMSRL  MA  PA, 

JCCBINmS 
D  GRANVILLE 
AMSRL  MA  PD, 

TCHOU 
AMSRL  MAMA, 

G  HAGNAUER 
AMSRL  WT, 

DR  I  MAY 
DRROCXHK) 

AMSRL  WT  P. 

AHmST390A 
E  SCHMIDT  390A 
AMSRL  WT  PA, 

T  MINOR  390 
CLEVERITT390 
D  KOOKER  390A 
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NO.  cap 

COPIES  ORGANIZATION 

ABERDEEN  MOVING  GROUND  (Craitmued) 

AMSRLWrra, 

P  HjOSHNS  390 
AMSRLWTPC, 

B PORCH 
R  PIPER  390A 
AMSRLWTPD, 

B  BURNS  390 
W  EKYSDALE  390 
J^N£aER390 
R  S3aIE^a>ALL  390 
TERLB<E390 
DIi(»>KB}S390 
S  W1LK0ISON  390 
D  HENRY  390 
RKASIE390 
L  BURTON  390 
JTZaiG390 
RLEEB390 
GGAZaNAS390 
MLEADC«E390 
CHOPreL390 
AMSRLWTHD  ALC 
AANIAHAMIAN 
K  BARNES 
M  BERMAN 
APRYIAfAN 
TU 

WMCBmJSH 

ESZYMANSKI 

AMSRLWTT. 

W  MORRIS(»>I  309 
AMSRLWTTA, 

W  CaLLECH  390 
WMIUCHEY390 
AMSRLWTTC, 

KKIMSEY309 
R  COATES  309 
W  DE  ROSSET  309 
AMSRLWTTD, 

D  DIETRICH  309 
G  RANimS  I^HRSON  309 
JHUPFINGTON309 
A  DAS  GUPTA  309 
J  SANTIAGO  309 


NO.OT 

COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND  (Coittmued) 

AMSRLWTW, 

CMURKIY  120 
AMSRL  WT  WA, 

H  ROGERS  394 
MAJJBRAY 
BMO(»E394 
AMSRL  WTWB, 

P  BRANDON  120 
W  D’AMICO 
AMSW.  WT  WC, 

J  B<»NS1^  120 
AMSRL  WT  WD, 

A  ZmUNSKl  120 
J  POWELL  120 
AMSRL  WT  WE, 

J  LACEIERA  120 
JTH(»<AS394 
AMSRL  WTWF, 

GIKMILEY 
BDCHJSA 
TKOa:.£R 
J  THC»^S>SC»<I 
JWALL 
SPCXIIIER 
sax^MAN 
AMSRL  mSD. 

P BURTON 
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NO.OT 

CCyiES  (MtGANIZATtON 


NO.  OT 

COPIES  OROANIZATION 


1  I»A  FORT  HALSTEAD 
ATTN  PETER  NK»IES 
W7  DIVISION  BLDO  A20 
SEVENOAKS  KENT  TN  147BP 
UNTTQ)  KINODCAi 

1  EXPENSE  RESEARCH  ESTAB  VALCARTIER 
ATTN  FRANCOIS  LESAGE 
POBOX8SOO 

COURCELETTE  QUEBEC  COA 
IRO  CANADA 

2  ROYAL  MOTARY  COLLEGE  OF  SCIENCE 
SEIRIVENHAM 

ATIN  DAVE)  BULMAN 
MUANLAWT(»f 
SW1ND(»I  WE.TS  SI«  SLA 
UNITED  KINGDCHkl 

1  SWISS  lEDQlAL  ARMAMENTS  WORKS 

ATTNWM.TERLANZ 
ALLMETEKSIRASSE  86 
3602  TK^ 

SWITZERLAND 

1  CaiAEL  D^STirUTE  OF  TECHNOLOGY 

ATTN  SIX.  BCH»^ 

FACULTY  OF  MECHANICAL  ENGRG 
HAIFA  3200  ISRAEL 

1  DSTO 

MAISUALS  RSRCH  LAB 

ATTN  NORBERT  BURMAN 

NAVAL  PLATFORM  VULNERABIUTY 

SCHB>  STRUCTURES  AND  MATERIALS  DIV 

POBOXSO 

ASCOT  VALE  VICTORIA 
AUSTRALIA  3032 

1  ECCXE  ROYAL  MUITAIRE 
ATTN  EDWARD  CELENS 
AVE  DE  LA  RENAISSANCE  30 
1040MIUXELLE 
BELGK^ 


1  MF  RSRCH  ESTABUSHMENT  VALCARTIER 

ATTN  ALAIN  DUPUIS 
2459  BOULEVARD  PIE  XI  NORTH 
VALCARTIER  QUEBEC 
CANADA 

PO  BOX  8800  COURCELETTE 
GOA  IRO  QUEBEC 
CANADA 

1  INSTTTUT  FRANCO  ALLEMAND  DE 
RECHERCHES  DE  SANIT  LOUIS 
ATTN  m  MARC  GIRAUD 
5  RUE  DU  GENERAL  CASSAGNOU 
BOTIE  POSTALE  34 
F  68301  SAINT  IXXJIS  CEEffiX 
FRANCE 

1  TNO  PRINC  MAURTTS  LABORATORY 
ATTN  ROB  DSSQJS'mN 
LANGE  KLEIWEG  137 
POBOX45 
2280  AA  RDSWDK 
THE  NETHERLANDS 

1  FOA  NATL  IffiFENSE  RESEARCH  ESTAB 
ATTN  BO  JANZ(»I 

DIR  I«PT  OT  WEAPCWS  &  PROTECTION 

S  172  90  STOCKHOLM 

SWEDEN 

2  EEFENSE  TECH  &  ITLOC  AGENCY  GRD 
ATTN  GERHARD  LAUDB 
GENERAL  HERZOG  HAUS 

3602  THUN 
SWITZERLAND 

1  ROYAL  MILITARY  COLLEGE  OF  SCIENCE 
ATTN  J  D  MACKWC«TH 
SHRIVENHAM 
SWINDON  WILTS  SN6  SLA 
UNITED  KINGDOM 

1  MINISTRY  OF  DHENCE 
RAFAEL 

ATTN  MEIR  MAYi^LESS 
ARMAMENT  DEVELCa>»ffiNT  AUTHORITY 
PO  BOX  2250 
HAIFA  31021  ISRAEL 
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NO.  C»J 

COTIES  ORGANIZATION 


1  DYNAMEG  RESEARCH  AB 
ATTN  AKE  PERSSON 
PARA1XSOTND7 
S  151  36  SOOTRTALJE 
SWEDEN 

1  ERNST  MACH  INSITTUT  H4I 
ATTN  GUSTAV  ADOTF  SCHRODER 
HAUPSTRASSE  18 

79576  WBL  AM  RHEIN 
G01MANY 

2  OTA 

ATTN  DAVE  SCOTT  TECH  MGR 

OT  ALAN  GROVES 

LAUNCH  SYSTEMS 

FOTTHM.STEAD 

SEVENOAKS 

KOn*  TN14  7BP 

ENOTAl® 

1  ERNST  14ACH  INSITTUT  EMI 
ATTN  ALCHS  STTLP 
ECHBISTRASSE  4 
TSOOFR^URG 
GERMANY 

1  TNO  I^ENSE  RESEARCH 
ATTN  IR  HAND  PASMAN 
POSTBUS  6006 
2600  JA  DELFT 
THE  NETHERLANDS 

1  TACHKEMONY  ST  6 

ATTN  BITAN  HIRSCH 
NETAMUA  42611 
ISRAEL 

1  OTUTSCHE  AEROSPACE  AG 
ATTN  DR  MANFRED  HELD 
DYNAMICS  SYSTEMS 
PO  BOX  1340 

D  86523  SCHROBENHAUSEN 
GERMANY 


Intentionally  left  blank. 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 

This  Laboratoiy  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your  comments/answers 
to  the  items/questions  below  will  aid  us  in  our  efforts. 

1. *  ARL  Report  Number/ Author  ARL-TR-1191  (Burton^ _ Date  of  Report  .SpptRmher  1996 

2.  Date  Report  Received  _ _ _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for  which  the  report 
will  be  used.) 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of  ideas,  etc.) 


S.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved,  operating  costs 
avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate  changes  to 
organization,  technical  content,  format,  etc.)  _ _ 


Organization 

CURRENT  Name 

ADDRESS  _ _ 

Street  or  P.O.  Box  No. 

City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address  above  and  the 
Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  maU.) 
(DO  NOT  STAPLE) 


